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Abstract 

Angiogenesis,  or  the  formation  of  new  blood  vessels  from  existing  vasculature  is  an  important  event 
in  tumor  progression.  It  results  from  a  complex,  multistep  biochemical  cascade  that  is  initiated  by 
the  activation  of  endothelial  cells  in  response  to  angiogenic  factors.  In  prostate  cancers,  angiogenic 
factors  are  produced  by  epithelial  and  stromal  cells,  and  are  believed  critical  to  prostate  cancer 
growth  and  progression.  One  of  the  most  important  of  these  factors  is  basic  fibroblast  growth  factor 
(bFGF),  which  plays  an  important  role  in  angiogenesis  through  the  stimulation  of  endothelial  cell 
proliferation,  migration,  and  protease  production  in  vitro  phenomenon.  A  number  of  studies  both  in 
vitro  and  in  patient  specimens  suggest  that  enhanced  expression  of  bFGF  contributes  to  more 
aggressive  prostate  cancer.  Clearly,  a  better  understanding  of  the  pathways  regulating  angiogenesis 
in  the  prostate  and  how  these  pathways  change  during  malignant  transformation  and  prostate  cancer 
progression  will  assist  in  developing  more  effective  therapies  for  patients  with  prostate  cancer. 
Cell-surface  peptidases  are  the  guardians  of  the  cell  against  small  stimulatory  peptides,  functioning 
to  control  growth  and  differentiation  in  normal  cells  by  regulating  peptide  access  to  their  cell-surface 
receptors.  They  are  integral  membrane  proteins  with  their  enzymatic  site  exposed  to  the  external 
cell  surface,  Neutral  endopeptidase  (NEP)  is  a  cell-surface  peptidase  normally  expressed  by  prostatic 
epithelial  cells,  whose  expression  is  lost  in  over  half  of  prostate  cancers.  NEP  substrates  include 
small  peptides  that  have  been  implicated  in  prostate  cancer  progression,  including  endothelin-1, 
bombesin  and  neurotensin.  We  have  now  reported  that  bFGF  is  also  a  substrate  for  NEP. 

The  goals  of  this  application  focus  on  deciphering  the  interaction  between  NEP  and  bFGF.  We  have 
now  identified  precisely  how  and  where  NEP  cleaves  bFGF,  and  the  biological  effects  of  these 
cleavage  products  on  prostate  cancer  cells  and  human  vascular  endothelial  cells.  We  are  in  the 
process  of  developing  angiogenesis-based  models  in  mice  that  have  been  engineered  to  lack  the  NEP 
gene  allowing  us  to  directly  determine  the  contribution  of  NEP  to  angiogenesis.  Studies  are  ongoing 
to  assess  the  role  of  hypoxia  on  NEP  action,  and  establish  the  relationship  between  NEP  and  other 
angiogenic  factors  such  as  heparin  sulfate  proteoglycans,  vascular  endothelial  growth  factor,  and 
endothelin-1;  and  in  epithelial  and  endothelial  cells. 

The  results  generated  by  our  research  are  likely  to  contribute  to  a  greater  understanding  of  prostate 
cancer  angiogenesis,  and  to  explain,  at  least  in  part,  the  impact  of  NEP  loss  on  bFGF  expression. 
Moreover,  this  understanding  potentially  will  have  widespread  applicability  to  not  only  other 
cancers,  but  to  other  angiogenic  processes  such  as  wound  healing  and  ischemic  vascular  disease, 
where  augmentation  of  angiogenesis  (through  inhibition  of  NEP)  would  be  of  therapeutic  benefit. 
This  improved  understanding  of  NEP,  bFGF  and  angiogenesis  in  prostate  cancer  may  then  be  used  in 
the  design  of  novel  therapeutic  approaches. 
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INTRODUCTION: 


Neutral  endopeptidase  (NEP,  CD10)  is  a  cell-surface  peptidase  that  is  normally  expressed  by  prostatic 
epithelial  cells,  and  is  lost  in  -50%  of  prostate  cancers. {10080}  NEP  possesses  numerous  anti-tumor 
actions,  including  catalytic  inactivation  of  neuropeptides  such  as  endothelin-1  and  bombesin,  and  direct 
protein-protein  interaction  interactions  with  other  proteins  including  the  PTEN  tumor  suppressor  protein 
and  ezrin/radixin/moesin  (ERM)  proteins.{10131}  Preliminary  data  suggested  that  NEP  also  possesses 
anti-angiogenic  activity,  and  that  this  effect  resulted  from  the  fact  that  basic  fibroblast  growth  factor 
(bFGF;  FGF-2)  is  a  previously  unrecognized  substrate  for  NEP.  The  aims  of  this  project  were  to 
characterize  the  interaction  between  NEP  and  bFGF,  and  to  delineate  the  anti-angiogenic  action  of 
NEP  on  human  vascular  endothelial  cells.  Understanding  the  regulation  of  angiogenesis  is  critical  to 
developing  strategies  to  inhibit  tumor-related  angiogenesis  in  prostate  cancer. 

BODY: 

Task  1.  To  characterize  the  interaction  between  neutral  endopeptidase  (NEP)  and  basic  fibroblast 
growth  factor  (bFGF) 

a.  Develop  a  series  of  plasmids  expressing  wild  type  and  mutant  bFGF. 

b.  Perform  assays  to  identify  the  specific  sequence  where  NEP  cleaves  bFGF. 

c.  Assess  the  role  of  heparanoids  in  regulating  bFGF  susceptibility  to  proteolytic  cleavage. 

d.  Characterize  the  actions  of  bFGF  cleavage  products  on  FGF  receptor  signal  transduction 
pathways,  and  on  the  biology  of  human  vascular  endothelial  cells. 

e.  Assess  the  pro-angiogenic  activity  of  bFGF  in  NEP  null  mice  compared  to  wild-type  mice. 


A  &  B.  Develop  a  series  of  plasmids  expressing  wild  type  and  mutant  bFGF;  and  Perform  assays  to 
identify  the  specific  sequence  where  NEP  cleaves  bFGF. 

To  identify  the  site  where  NEP  cleaves  bFGF,  we  incubated  bFGF  and  recombinant  NEP  (rNEP)  with 
and  without  the  NEP  inhibitor  CGS24592,  and  analyzed  the  reactions  using  matrix-assisted  laser 
desorption  ionization-time  of  flight  (MALDI-TOF)  mass  spectrometry.  This  identified  a  specific  2019  Da 
band  that  corresponded  to  a  20  amino  acid  peptide  located  at  the  C-terminus  of  the  bFGF  protein.  As  a 
control,  we  performed  the  same  digestion  using  either  immunoprecipitated  wildtype  NEP  (WT5)  or 
enzymatically  inactive  NEP  (M22)  expressed  using  tetracycline-repressible  promoter.{9460}, 
demonstrating  that  an  intact  enzyme  activity  is  required  to  observe  bFGF  cleavage.  Analysis  of  the 
bFGF  amino  acid  sequence  confirmed  a  potential  NEP  cleavage  site  between  leucine  135  and  glycine 
136.  Moreover,  analysis  of  the  amino  acid  sequence  and  the  3-dimensional  structure  of  bFGF 
indicated  that  the  NEP  recognition  site  between  leucine  135  and  glycine  136  was  located  at  the  outer 
edge  of  the  bFGF  protein  suggesting  that  it  could  fit  into  the  NEP  cleavage  pocket.  We  then  used 
cloning  techniques  to  create  a  series  of  GST  fusion  proteins  containing  the  full-length  bFGF  protein, 
each  of  its  two  cleavage  products,  and  a  mutated  full-length  bFGF  protein  that  is  resistant  to  NEP 
cleavage.  (See  J  Biol  Cf7em:281 :33597-33605  in  Appendix  for  detailed  results  and  figures). 

C.  Assess  the  role  of  heparanoids  in  regulating  bFGF  susceptibility  to  proteolytic  cleavage. 

Basic  FGF  is  primarily  stored  in  the  extracellular  matrix  and  basement  membrane  associated  with 
heparan  sulfate  proteoglycan  (HSPG).  Activity  of  bFGF  is  controlled  in  part  by  a  low-affinity  but  high- 
capacity  interaction  with  HSPG.  Free  bFGF  may  be  proteolytically  degraded,  as  suggested  by  in  vitro 
reactivity  of  the  C-terminal  portion  of  bFGF  to  trypsin  and  chymotrypsin.  We  hypothesized  that  HSPG 
binding  could  function  to  protect  bFGF  from  degradation  by  NEP  since  leucine  135  and  glycine  136  of 
the  bFGF  protein  lie  within  a  basic  region  where  heparin-derived  tetra-  and  hexasaccharides  have  been 
reported  to  complex  with  bFGF.  Since  heparinoids  interacts  with  bFGF  resulting  in  its  resistance  to 
nonspecific  proteolysis  in  vitro,  we  assessed  the  role  of  heparinoids  in  protecting  bFGF  from  cleavage 
by  NEP.  We  showed  that  heparin  completely  inhibited  the  ability  of  NEP  to  cleave  bFGF.  (See  J  Biol 
Chem:28'\  :33597-33605  in  Appendix  for  detailed  results  and  figures). 
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D.  Characterize  the  actions  ofbFGF  cleavage  products  on  FGF  receptor  signal  transduction  pathways, 
and  on  the  biology  of  human  vascular  endothelial  cells. 


To  establish  that  NEP  antiangiogenic  activity  is  a  direct  consequence  of  bFGF  cleavage,  we  examined 
whether  cleavage  of  bFGF  abrogated  its  ability  to  signal  through  the  fibroblast  growth  factor  receptor 
(FGF-R).  Upon  engaging  bFGF,  FGF-R  undergoes  dimerization,  autophosphorylation  and  then  signals 
by  way  of  the  mitogen-activated  protein  kinase  pathway  resulting  in  extracellular  signal-related  kinase 
(ERK)  phosphorylation.  Utilizing  the  GST-bFGF  fusion  proteins,  we  determined  the  actions  of  bFGF 
cleavage  products  on  FGF  signaling  through  FGF  receptor  2  (FGFR2),  its  predominant  cognate 
receptor,  and  the  effects  of  cleavage  on  human  vascular  endothelial  cells  growth  and  differentiation. 
We  showed  that  neither  the  1-135  nor  the  136-155  bFGF  cleavage  products  a)  demonstrated  any 
biologic  activity  in  a  capillary  tube  formation  assay,  and  b)  could  induce  bFGF  signaling  through  the 
FGFR2  as  determined  by  assaying  ERK  phosphorylation.  Furthermore,  mutation  of  the  NEP  cleavage 
site  led  to  inhibition  of  bFGF  stimulated  capillary  tube  formation.  (See  J  Biol  Chem: 281 :33597-33605  in 
Appendix  for  detailed  results  and  figures). 

E.  Assess  the  pro-angiogenic  activity  ofbFGF  in  NEP  null  mice  compared  to  wild-type  mice. 

We  planned  to  assess  the  contribution  of  NEP  to  abrogating  the  pro-angiogenic  activity  of  bFGF  in 
neoplasia  in  NEP  null  mice  compared  to  wild-type  mice,  using  both  a  corneal  pocket  in  vivo 
angiogenesis  assay  as  well  as  a  chemical  skin  carcinogenesis  model.  We  were  unable  to  perform  the 
corneal  pocket  assay  in  NEP  null  mice  for  technical  reasons.  Flowever,  we  did  perform  chemical 
carcinogenesis  assays.  We  tested  in  a  cohort  of  wild  type  and  null  mice  the  effects  of  DMBA-induced 
skin  carcinogenesis  but  failed  to  demonstrate  an  increased  rate  of  conversion.  Given  that  there  was  a 
8%  incidence  of  tumor  formation  the  wild  type  and  14%  incidence  in  the  NEP  null  mice,  considerably 
lower  than  that  observed  in  other  backgrounds  (50-80%),  we  conclude  that  the  assay  will  not  be 
adequately  powered  statistically  to  detect  a  difference  in  our  strain.  We  therefore  took  an  alternative 
approach  to  examine  angiogenesis  and  isolated  endothelial  cells  from  murine  lung,  hear  and  aorta 
using  immunoselection  with  magnetic  beads  in  order  to  compare  NEP  null  and  wild  type  endothelial 
cells.  Neprilysin  deficient  vascular  endothelial  cells  do  not  exhibit  a  resting  endothelial  cell  morphology 
at  confluence  (Figure  1A)  and  exhibit  anchorage-independent  growth  in  soft  agar  under  standard 
endothelial  culture  conditions  (Figure  IB).  Neutral  endopeptidase  expression  is  upregulated  by  the 
addition  of  serum  (1C),  consistent  with  androgen-induced  expression  seen  in  epithelial  cells.  In 
addition,  neprilysin-deficient  cells  exhibit  hyperphosphorylation  of  ERK  under  basal  culture  conditions, 
suggesting  that  the  absence  of  neprilysin  leads  to  the  constitutive  activation  of  upstream  signaling 
molecules  such  as  FGFR  (ID).  These  data  together  with  the  observation  that  FGF-2  is  an  NEP 
substrate  indicate  a  central  role  for  NEP  in  the  biology  and  function  of  vascular  endothelium,  and  that 
targeting  the  NEP/FGF-2  axis  in  this  cell  type  may  represent  a  novel  antiangiogenic  therapeutic 
strategy. 


Task  2.  To  delineate  the  anti-angiogenic  action  of  NEP  on  human  vascular  endothelial  cells. 

a.  Characterize  the  inhibitory  effects  of  exogenous  and  endogenous  NEP  on  angiogenesis. 

b.  Decipher  the  hypoxic-dependent  regulation  of  NEP  expression  in  human  vascular 
endothelial  cells. 


A.  Characterize  the  inhibitory  effects  of  exogenous  and  endogenous  NEP  on  angiogenesis. 

Endogenous  NEP  expressed  on  human  vascular  endothelial  cells  negatively  regulates  bFGF-induced 
angiogenesis.  Previous  studies  indicated  that  NEP  is  expressed  by  human  vascular  endothelial  cells 
Analyses  of  HUVEC  and  SV-40  transduced  human  bone  marrow  endothelial  cells  (tHBMEC)  revealed 
NEP  enzyme  specific  activities  of  36  pmol/mg/min  and  197  pmol/mg/min,  respectively.  To  assess  the 
functional  effect  of  endogenous  NEP  on  bFGF-induced  angiogenesis  in  vitro,  we  used  tbe  capillary  tube 
formation  assay  to  measure  the  effects  of  bFGF  with  and  without  the  NEP  inhibitor  CGS24592  in 
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tHBMEC  cells  plated  on  matrigel  coated  plates.  Cells  grown  in  the  presence  of  bFGF  and  CGS24592 
demonstrated  significantly  more  capillary  tube  formation  compared  to  cells  grown  in  bFGF  alone, 
CGS24592  alone  or  the  untreated  negative  control  (P<0.05).  We  next  assessed  endothelial  cell  growth 
in  tHBMEC  treated  with  600  pg/mL  bFGF  as  a  function  of  increasing  concentrations  of  CGS24592. 
Transduced  HBMEC  incorporated  more  MTT  in  the  presence  of  CGS24592,  suggesting  that  inhibition 
of  endogenous  NEP  activity  results  in  increased  bFGF-induced  cell  growth  (P<0.03).  Similar  results 
were  obtained  for  HUVEC  cells. 

Mutagenesis  of  the  putative  NEP  cleavage  site  residues  to  alanine  resulted  in  stepwise  decrease  in 
NEP  cleavage,  with  the  double  mutant  L135A/G136A  demonstrating  a  near  complete  loss  of  cleavage 
by  NEP.  When  tested  in  the  matrigel  tube  formation,  the  NEP-resistant  bFGF  was  capable  of  inducing 
tube  formation  on  matrigel  comparable  to  that  seen  with  a  10-fold  higher  concentration  of  bFGF  or  with 
CGS24592  treatment.  Taken  together,  these  data  suggest  that  endogenously  expressed  NEP  on 
vascular  endothelial  cells  regulates  bFGF-induced  angiogenesis.  (See  J  Biol  Chem: 281:33597-33605 
in  Appendix  for  detailed  results  and  figures). 

We  also  assessed  the  effects  of  endogenously  expressed  NEP  on  angiogenesis  by  stably  expressing 
lentiviral  vectors  encoding  wild  type  NEP  (L-NEP),  catalytically  inactive  mutant  NEP  (L-NEPmu),  and 
green  fluorescent  protein  (L-GFP)  in  DU  145  prostate  cancer  cells.  Resulting  expression  of 
endogenous  NEP,  with  a  specific  activity  of  96.5  ±  10.2  pmol/pg/min,  did  not  affect  cell  proliferation  or 
invasiveness,  while  levels  in  cell  culture  supernatant  of  FGF-2  were  decreased  by  80%  in  DU145  cells 
infected  with  L-NEP  compared  to  cells  infected  with  L-NEPmu  or  L-GFP  (p  <  0.05).  In  vitro 
tubulogenesis  of  human  vascular  endothelial  cells  induced  by  conditioned  media  from  DU145  cells 
infected  with  L-NEP  was  significantly  reduced  compared  with  that  from  DU  145  cells  infected  with  L- 
GFP  (p  <  0.01).  Finally,  tumor  xenografts  from  L-NEP-infected  DU145  cells  were  significantly  smaller 
compared  to  control  cell  xenografts,  as  was  vascularity  within  the  tumors  (p  <  0.05).  These  data  further 
demonstrated  that  stable  expression  of  NEP  inhibited  prostate  cancer  tumorigenicity  by  inhibiting  FGF- 
2  mediated  angiogenesis.  (See  Prostate  Cancer  Prostatic  Dis.  2007  epub.  in  Appendix  for  detailed 
results  and  figures). 

B.  Decipher  the  hypoxic-dependent  regulation  of  NEP  expression  in  human  vascular  endothelial  cells. 

Hypoxia  is  arguably  the  most  important  physiologic  angiogenic  stimulus.  A  previous  report  showed  that 
NEP  enzyme  activity  was  significantly  decreased  after  24  -  48  hours  of  hypoxia  in  murine  lung  extracts. 
Moreover,  hypoxia  has  been  associated  with  a  more  aggressive  phenotype  and  correlates  with 
enhanced  Akt  phosphorylation  in  prostate  cancer  cells.  To  determine  if  NEP  was  regulated  by  hypoxia 
in  prostate  cancer  cells  and  human  vascular  endothelial  cells,  we  incubated  these  cells  in  media 
containing  125  p.M  CoCI2  which  simulates  hypoxic  conditions  over  time.  As  shown  in  Figure  2,  NEP 
enzyme  activity  decreased  significantly  in  LNCaP  cells  and  in  HUVEC  cells,  although  the  degree  of 
decrease  is  less  apparent  in  HUVEC  cells  as  they  produce  less  NEP  enzyme  activity.  These  data 
suggest  that  NEP  activity  decreases  under  hypoxic  conditions,  which  should  lead  to  increased  bFGF- 
induced  signaling  and  angiogenesis. 

Examination  of  NEP  protein  expression  by  Western  blotting  in  cells  incubated  in  a  sealed  hypoxia 
chamber  confirmed  a  decrease  in  NEP  protein  expression,  which  mirrored  the  decrease  in  NEP 
enzyme  activity  (Figure  3),  indicating  that  hypoxic  regulation  of  NEP  is  likely  at  the  transcriptional  or 
translational  level.  Using  quantitative  real  time  PCR,  we  next  measured  the  relative  message  levels  of 
NEP  in  hypoxia  treated  PC  cells.  Messenger  RNA  levels  of  NEP  decreased  between  50-75%  relative 
to  normoxic  controls  with  high  statistical  significance  (Figure  4),  indicating  that  hypoxic  regulation  of 
NEP  is  likely  transcriptional. 

Transcriptional  regulation  of  gene  expression  by  hypoxia  is  typically  mediated  by  the  binding  of  hypoxia 
inducible  factor  complex  to  hypoxia  inducible  elements.  This  mechanism  has  been  implicated  in  the 
regulation  of  many  hypoxia-responsive  genes,  including  VEGF,  ET-1,  and  the  androgen  receptor.  The 
HRE  has  the  canonical  structure  5’-BACGTSSK-3’  where  B=G/C/T,  S=G/C.  and  K=G/T  and  is  typically 
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located  immediately  upstream  of  the  transcriptional  initiation  site.  Hypoxic  gene  regulation  may  be 
modulated  by  other  signal  transduction  pathways,  including  the  MAP  kinase  cascade.  Examination  of 
the  NEP  gene  revealed  two  potential  HREs  within  10  kilobases  of  the  transcriptional  start  site,  along 
with  six  potential  intronic  elements  (Figure  5). 

KEY  RESEARCH  ACCOMPLISHMENTS: 

1)  NEP  functions  as  an  antiangiogenic  agent  in  vivo  by  direct  proteolytic  cleavage  of  bFGF 
resulting  in  its  inactivation  with  concomitant  loss  of  ability  to  bind  to  cell  surface  receptors  and 
induce  phosphorylation  of  MAP  kinase,  its  predominant  downstream  target. 

2)  Previous  studies  indicated  that  NEP  substrates  were  <  41  amino  acid  in  length.  NEP  can 
cleave  and  inactivate  a  substrate  >  150  amino  acids  suggesting  there  are  other  as  yet  unknown 
NEP  substrates. 

3)  Binding  of  bFGF  with  heparan  sulfate  proteoglycan  protects  bFGF  from  NEP  proteolytic 
cleavage. 

4)  Full  length  basic  FGF  protein  with  a  mutated  NEP  recognition  site  is  a  potent  inducer  of 
angigenesis. 

5)  Endogenous  NEP  activity  decreases  under  hypoxic  conditions. 
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CONCLUSION: 

Prostate  cancer  is  the  most  common  primary  cancer  among  men  and  the  second  leading  cause  of 
cancer  deaths  in  males  in  the  United  States.  Our  studies  show  that  NEP  loss  is  involved  in  the 
development  and  progression  of  both  early  and  advanced  hormone  refractory  PC.  Moreover,  we  have 
shown  that  complete  loss  of  NEP  expression  in  primary  PC  is  associated  with  a  shorter  time  to  PSA 
recurrence,  suggesting  that  in  addition  to  NEP  loss  contributing  to  neuropeptide-mediated  PC 
progression,  it  permits  more  effective  malignant  angiogenesis.  Understanding  the  molecular  events 
involved  in  the  development  and  progression  of  PC  is  critical  to  developing  more  effective  therapies. 
The  studies  supported  by  this  award  has  directly  led  to  a  better  understanding  of  the  involvement  of 
NEP  in  the  development  and  progression  of  PC.  These  data  provide  support  for  novel  antioangiogenic 
approaches  for  the  treatment  of  advanced  PC  using  NEP.  Moreover,  they  provide  a  rationale  to  study 
the  relationship  of  NEP  and  bFGF  in  non-malignant  conditions  (such  as  wound  healing,  ischemic 
vascular  disease)  where  angiogenesis  is  pathologically  impaired  in  order  to  design  more  effective 
approaches  to  stimulate  healing  (such  as  a  “super  bFGFs”  which  resist  proteolysis  by  NEP  and 
therefore  may  be  a  more  potent  angiogenic  agent). 
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Neprilysin  is  a  cell  surface  peptidase  that  catalytically  inacti¬ 
vates  neuropeptide  substrates  and  functions  as  a  tumor  suppres¬ 
sor  via  its  enzymatic  function  and  multiple  protein-protein 
interactions.  We  investigated  whether  neutral  endopeptidase 
could  inhibit  angiogenesis  in  vivo  utilizing  a  murine  corneal 
pocket  angiogenesis  model  and  found  that  it  reduced  fibroblast 
growth  factor-2-induced  angiogenesis  by  85%  (p  <  0.01)  but  had 
no  effect  on  that  of  vascular  endothelial  growth  factor.  Treat¬ 
ment  with  recombinant  neprilysin,  but  not  enzymatically  inac¬ 
tive  neprilysin,  resulted  in  a  slight  increase  in  basic  fibroblast 
growth  factor  electrophoretic  mobility  from  proteolytic  cleav¬ 
age  between  amino  acids  Leu-135  and  Gly-136,  which  was  inhib¬ 
ited  by  the  neutral  endopeptidase  inhibitor  CGS24592  and  hep¬ 
arin.  Cleavage  kinetics  were  rapid,  comparable  with  that  of 
other  known  neprilysin  substrates.  Functional  studies  involving 
neprilysin-expressing  vascular  endothelial  cells  demonstrated 
that  neutral  endopeptidase  inhibition  significantly  enhanced 
fibroblast  growth  factor-mediated  endothelial  cell  growth,  cap¬ 
illary  array  formation,  and  signaling,  whereas  exogenous  recom¬ 
binant  neprilysin  inhibited  signaling.  Recombinant  constructs 
confirmed  that  cleavage  products  neither  promoted  capillary 
array  formation  nor  induced  signaling.  Moreover,  mutation  of 
the  cleavage  site  resulted  in  concomitant  loss  of  cleavage  and 
increased  the  potency  of  fibroblast  growth  factor-2  to  induce 
capillary  array  formation.  These  data  indicate  that  neprilysin 
proteolytically  inactivates  fibroblast  growth  factor-2,  resulting 
in  negative  regulation  of  angiogenesis. 


Neprilysin  (neutral  endopeptidase  24.11,  CD  10)  is  a 
90-110-kDa  cell  surface  peptidase  normally  expressed  by  a 
variety  of  tissues,  including  epithelial  cells  of  the  prostate, 
kidney,  intestine,  endometrium,  adrenal  glands,  and  lung. 
This  enzyme  cleaves  peptide  bonds  on  the  amino  side  of 
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hydrophobic  amino  acids  and  inactivates  a  variety  of  physi¬ 
ologically  active  peptides,  including  atrial  natriuretic  factor, 
substance  P,  bradykinin,  oxytocin,  Leu-  and  Met-enkephalins, 
neurotensin,  bombesin,  endothelin-1,  and  j3-amyloid.  Loss  or  a 
decrease  in  neprilysin  expression  has  been  reported  in  a  variety 
of  malignancies,  including  renal  cancer,  invasive  bladder  can¬ 
cer,  poorly  differentiated  stomach  cancer,  small  cell  and  non¬ 
small  cell  lung  cancers,  endometrial  cancer,  and  prostate  cancer 
(1,  2).  Reduced  expression  of  cell  surface  peptidases  such  as 
neprilysin  results  in  the  accumulation  of  higher  peptide  con¬ 
centrations  that  mediate  neoplastic  progression  (3). 

Using  prostate  cancer  as  a  model  to  study  the  involvement  of 
neprilysin  in  malignancy,  we  have  demonstrated  the  following. 
1)  Neprilysin  protein  expression  is  absent  in  nearly  50%  of  pri¬ 
mary  prostate  cancers  (2).  2)  Neprilysin  inhibits  neuropeptide- 
mediated  cell  growth,  cell  migration,  and  ligand-independent 
activation  of  the  insulin-like  growth  factor- 1  receptor  leading 
to  Akt  phosphorylation  (1,  4).  3)  Neprilysin  can  inhibit  cell 
migration  independently  of  its  catalytic  activity  via  protein- 
protein  interaction  of  its  cytoplasmic  domain  with  tyrosine- 
phosphorylated  Lyn  kinase,  which  then  binds  the  p85  subunit 
of  phosphatidylinositol  3-kinase  resulting  in  an  neprilysin-Lyn- 
phosphatidylinositol  3-kinase  protein  complex.  This  complex 
competitively  blocks  the  interaction  between  focal  adhesion 
kinase  and  phosphatidylinositol  3-kinase  (5).  4)  Neprilysin 
directly  binds  to  ezrin/radixin/moesin  proteins  resulting  in 
decreased  binding  of  ezrin/radixin/moesin  proteins  to  the  hya- 
luronan  receptor  CD44,  such  that  cells  expressing  neprilysin 
demonstrate  decreased  cell  adhesion  and  cell  migration  (6).  5) 
Neprilysin  directly  interacts  with  the  PTEN  tumor  suppressor 
protein,  recruiting  endogenous  PTEN  to  the  cell  membrane, 
leading  to  prolonged  PTEN  protein  stability  and  increased 
PTEN  phosphatase  activity  and  resulting  in  a  constitutive 
down-regulation  of  Akt  activity  (7).  6)  Neprilysin  expression 
inhibits  tumorigenicity  in  an  animal  model  of  prostate  cancer 
(8).  Taken  together,  these  studies  have  demonstrated  that 
neprilysin  protein  functions  to  suppress  and  inhibit  many  pro¬ 
cesses  that  contribute  to  neoplastic  progression. 

Enzymatically  active  neprilysin  is  also  expressed  by  vascular 
endothelial  cells  of  venous  and  arterial  origin  (9).  The  neprilysin 
substrate  endothelin-1  has  previously  been  shown  to  act 
directly  on  endothelial  cells  via  the  ETB  receptor  to  modulate 
different  stages  of  neovascularization,  including  proliferation, 
migration,  invasion,  protease  production,  and  morphogenesis, 


NOVEMBER  3,  2006- VOLUME  281  -  NUMBER  44  $$$£; 


JOURNAL  OF  BIOLOGICAL  CHEMISTRY  33597 


Downloaded  from  www.jbc.org  at  Cornell  University  Medical  College  on  February  7,  2008 


The  Journal  of  Biological  Chemistry 


Antiangiogenic  Function  of  Neutral  Endopeptidase 


resulting  in  neovascularization  in  vivo  (10).  Based  on  these 
observations,  we  investigated  whether  neprilysin  also  functions 
as  an  antagonist  of  angiogenesis.  We  report  here  that  neprilysin 
is  indeed  anti-angiogenic  in  vivo ,  significantly  inhibiting  angio¬ 
genesis.  Surprisingly,  we  demonstrate  that  neprilysin  catalyti- 
cally  inactivates  the  potent  angiogenic  factor,  fibroblast  growth 
factor-2  (FGF-2).3  This  is  the  first  report  of  an  enzyme  that 
specifically  cleaves  and  inactivates  FGF-2,  resulting  in  inhibi¬ 
tion  of  angiogenesis  in  vivo ,  further  demonstrating  the  potent 
tumor-suppressive  function  of  neprilysin. 

EXPERIMENTAL  PROCEDURES 

Cell  Lines  and  Reagents — LNCaP  cells  were  maintained  in 
RPMI  1640  medium  with  10%  fetal  calf  serum  (FCS)  supple¬ 
mented  with  penicillin  (100  IU/ml)  and  streptomycin  (100 
juig/ml).  Human  umbilical  vein  endothelial  cells  (HUVEC)  were 
isolated  as  previously  described  (11)  and  maintained  in  M199 
medium  (Invitrogen)  supplemented  with  10  units/ml  heparin 
sodium,  10%  FCS  (Gemini),  2  mM  L-glutamine,  100  jmg/plECGS 
(Biomedical  Technology)  supplemented  with  penicillin  and 
streptomycin.  SV40-transduced  human  bone  marrow  micro- 
vascular  endothelial  cells  (tHBMEC,  kindly  provided  by  Dr. 
Babette  Weksler,  Weill  Medical  College)  were  maintained  in 
Dulbecco’s  modified  Eagle’s  medium  supplemented  with  5% 
FCS  as  previously  described  (12).  Vascular  endothelial  growth 
factor  (VEGF)  and  growth  factor-reduced  Matrigel  were  pur¬ 
chased  from  BD  Biosciences,  and  recombinant  fibroblast 
growth  factor-2  was  purchased  from  Research  Diagnostics,  Inc. 

Proteolysis  and  Mass  Spectrometry— Commercially  available 
recombinant  FGF-2  was  incubated  at  a  concentration  of  5-13 
pM  with  recombinant  neprilysin  (rNEP;  Arris  Pharmaceutical, 
Inc.)  at  a  concentration  of  0.4 -1.0  p m  in  100  mM  Tris-HCl,  pH 
7.6,  buffer  for  1  h  at  25  °C  in  the  presence  or  absence  of  10  pM 
the  specific  neprilysin  inhibitor  CGS24592  (Novartis  Pharma¬ 
ceutical,  Inc.)  or  12  units/ml  heparin  sulfate.  Reaction  aliquots 
were  analyzed  by  14%  SDS-PAGE  with  Coomassie  Blue  staining 
or  by  matrix-assisted  laser  desorption  ionization  time-of-flight 
mass  spectrometry  (MALDI-TOF  MS;  Micromass)  in  the  mass 
spectroscopy  core  facility  of  Weill  Medical  College. 

GST-FGF-2  and  Maltose-binding  Protein-FGF-2  Fusion 
Proteins — Full-length  human  FGF-2  cDNA  (kindly  provided  by 
Dr.  Daniel  Rifkin,  New  York  University  Medical  Center)  was 
used  as  template  to  amplify  the  entire  FGF-2  cDNA,  which  was 
then  subcloned  into  pGEX-2T  (Amersham  Biosciences)  and 
pMAL-2Cx  (New  England  Biolabs)  vectors  using  PCR  primers 
containing  restriction  sites  to  enable  directional  cloning.  The 
following  amplimers  were  used:  5'-ACCATGGCAGCCGG- 
GAGCATC-3'  (sense)  and  5'-ATATGAATTCTCAGCTCT- 
TAGCAGACATGGAAGAAAG-3'  (antisense)  for  glutathione 


3  The  abbreviations  used  are:  FGF-2,  fibroblast  growth  factor-2;  ERK,  extra¬ 
cellular-regulated  kinase;  FCS,  fetal  calf  serum;  GST,  glutathione 
5-transferase;  FISPG,  heparan  sulfate  proteoglycan;  FIUVEC,  human 
umbilical  vein  endothelial  cell;  MALDI-TOF,  matrix-assisted  laser  desorp¬ 
tion  ionization  time-of-flight;  MTT,  methyl-thiazol-tetrazolium;  rNEP, 
recombinant  neprilysin;  tHBMEC,  SV40-transduced  human  bone  mar¬ 
row  microvascular  endothelial  cells;  VEGF,  vascular  endothelial  growth 
factor;  CHAPS,  3-[(3-cholamidopropyl)dimethylammonio]-1  -propanesulfonic 
acid. 


«S-transferase  (GST)  fusion  proteins  and  5'-ATGGCAGCCGG- 
GAGCATC-3'  (sense)  and  5'-CCCCAAGCTTTTAGCTCT- 
TAGCAGACAT-3'  (antisense)  for  maltose-binding  protein 
fusion  proteins,  as  previously  described  (13).  For  GST  con¬ 
structs,  the  PCR  product  was  then  purified  and  digested  with 
EcoRI  and  BamHI,  generating  the  BamHI-EcoRI  fragment  cor¬ 
responding  to  amino  acids  136-155  and  a  BamHI-BamHI  frag¬ 
ment  corresponding  to  amino  acids  1-135  of  the  FGF-2  pro¬ 
tein.  The  restriction  fragments  were  subcloned  into  pGEX-2T 
to  generate  GST  fusion  proteins  with  FGF-2  amino  acids  1-155 
(full-length),  1-135  (N-terminal  neprilysin  cleavage  product), 
and  136-155  (C-terminal  neprilysin  cleavage  product),  and 
DNA  sequencing  was  performed  to  confirm  their  accuracy.  For 
maltose-binding  protein  constructs,  the  PCR  product  was 
digested  with  Hindlll  and  XmnI  and  subcloned  into  the  pMAL- 
2Cx  vector.  Fusion  proteins  of  GST  and  maltose-binding  pro¬ 
tein  with  FGF-2  were  expressed  and  purified  from  Esche¬ 
richia  coli  BL21  cells  using  glutathione-agarose  beads  (Sigma) 
or  amylase  beads  (New  England  Biolabs)  as  described  (14).  Pro¬ 
tein  content  of  the  beads  and  10  mM  glutathione  eluants  were 
determined  by  densitometric  analysis  of  Coomassie-stained 
SDS-PAGE  gels  against  bovine  serum  albumin  standards  (NIH 
ImageJ  software).  In  some  experiments  FGF-2  was  cleaved  from 
amylose  beads  (1  mg  of  total  fusion  protein)  by  digestion  with  2 
units  of  Factor  Xa  in  Tris-buffered  saline  buffer  and  affinity 
purified  using  heparin-Sepharose  chromatography  (15).  Site- 
directed  mutants  (L135A,  G136A,  and  L135A/G136A)  of  the 
neprilysin  cleavage  site  on  FGF-2  were  generated  using  a 
QuikChange  mutagenesis  kit  (Stratagene)  according  to  the 
manufacturer’s  instructions  (mutagenic  primers  available  upon 
request). 

Matrigel  Capillary  Array  Formation  Assay— Transduced 
human  bone  marrow  microvascular  endothelial  cells  (12)  or 
HUVEC  were  plated  in  96-well  plates  at  a  density  of  15,000 
cells/well  in  Dulbecco’s  modified  Eagle’s  medium  containing 
5%  FCS,  penicillin,  streptomycin,  and  L-glutamine  over  50  p\  of 
polymerized  growth  factor-reduced  Matrigel  (10  mg/ml). 
CGS24592  at  a  concentration  of  0.5-10  nM,  phosphoramidon 
(30  pM;  Sigma),  or  an  equivalent  volume  of  dimethyl  sulfoxide 
vehicle  (Me2SO)  was  added  to  inhibit  neprilysin  activity  for  2  h, 
followed  by  FGF-2  proteins  at  0.3-50  nM  concentrations.  Cells 
were  photographed  after  4  -18  h  and  measurements  of  capillary 
cord  length  obtained  for  multiple  fields  using  ImageJ  software 
and  expressed  as  mean  ±  S.E.  Statistical  analyses  of  replicates 
were  performed  using  unpaired  two-tailed  t  testing  (Prism 
Graph,  GraphPad  software). 

MTT  Growth  Assay— Transduced  human  bone  marrow 
microvascular  endothelial  cells  plated  in  96-well  plates  at  a  den¬ 
sity  of  1000  cells/well  in  Dulbecco’s  modified  Eagle’s  medium 
containing  5%  FCS,  penicillin,  streptomycin,  L-glutamine,  and 
600  pg/ml  FGF-2  were  treated  with  increasing  concentrations 
of  CGS24592.  Growth  assays  with  3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)  were  performed 
after  48  -96  h  as  described  (16). 

Corneal  Pocket  Assay— Hydron  (Hydro  Med  Sciences,  Cran- 
bury,  NJ)  and  sucralfate  (Teva  Pharmaceuticals,  North  Wales, 
PA)  pellets  of  <1  p\  were  formulated  with  combinations  of 
FGF-2  (10  ng  or  50  ng/pellet),  VEGF  (200  ng/pellet),  and  rNEP 
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(50  or  100  ng/pellet)  and  implanted  into  corneas  of  C57BL/6 
mice  0.5-1.0  mm  from  the  limbus  as  described  (17).  Angiogen¬ 
esis  was  assessed  by  slit-lamp  microscopy  5  days  after  implan¬ 
tation  (18).  Statistical  analysis  of  replicates  was  performed 
using  a  two-tailed  unpaired  t  test  (Prism  Graph,  GraphPad  soft¬ 
ware).  Studies  were  approved  by  the  Institutional  Animal  Care 
Use  Committee  of  Weill  Medical  College  of  Cornell  University. 

Neprilysin  Enzyme  Assays— Neprilysin  enzyme  activity 
determinations  were  performed  as  previously  described  (1) 
Briefly,  subconfluent  cells  were  rinsed  in  cold  lysis  buffer  (50 
mm  Tris,  pH  7.0,  150  mm  NaCl)  and  lysed  in  lysis  buffer 
containing  0.5%  CHAPS  (3-[3-cholamidopropyl-dimeth- 
ylammonio] -1-propane-sulfonate).  Protein  concentrations 
were  measured  using  the  Bio-Rad  DC  protein  assay  kit  (Bio- 
Rad  Laboratories).  Total  neprilysin  activity  was  assayed 
colorimetrically,  and  specific  activities  representing  an  aver¬ 
age  of  six  independent  measurements  were  expressed  in 
units  of  pmol/juig  protein/min. 

Western  Blotting  for  GST,  Total,  and  Phosphorylated  Extra- 
cellular-regulated  Kinase  (ERK) — Subconfluent  monolayers  of 
tHBMEC,  HUVEC,  and  LNCaP  cells  were  lysed  in  radioim- 
mune  precipitation  lysis  buffer  (50  mM  Tris-HCl,  pH  7.4,  l%v/v 
Nonidet  P-40, 0.25%  w/v  sodium  deoxycholate,  150  mM  sodium 
chloride,  1  mM  EDTA,  1  mM  phenylmethylsulfonyl  fluoride,  1 
juig/ml  each  of  aprotinin,  leupeptin,  pepstatin,  2  mM  sodium 
orthovanadate)  following  2-h  pretreatment  with  10  nM 
CGS24592  or  vehicle  and  then  treated  for  20  min  with  various 
combinations  of  FGF-2,  GST,  or  GST-FGF-2  fusion  proteins, 
and  rNEP  as  indicated.  Lysates  (50  /xg  each)  were  subjected  to 
10%  SDS-PAGE,  transferred  to  nitrocellulose  membranes, 
blocked  for  0.5  h,  and  blotted  in  3%  bovine  serum  albumin 
Tris-buffered  saline  with  0.1%  Tween  20  using  either  anti-GST 
antibody  (B14;  1:1000;  Santa  Cruz  Biotechnology)  or  anti-phos- 
pho-ERK  (197G2;  1:500;  Cell  Signaling  Technology)  as  indi¬ 
cated  for  1  h.  This  was  followed  by  appropriate  horseradish 
peroxidase-conjugated  secondary  antibody  (sheep  anti-mouse 
for  B14  or  donkey  anti-rabbit  for  197G2;  Amersham  Bio¬ 
sciences)  at  1:4000  dilution  for  0.5  h,  enhanced  chemolumines¬ 
cence  (Amersham  Biosciences),  and  exposure  to  Kodak  Biomax 
XAR  film.  Anti-phospho-ERK  blots  were  stripped  in  62.5  mM 
Tris-Cl,  pH  6.8, 100  mM  /3-mercaptoethanol,  2%  SDS,  and  rep¬ 
robed  with  anti-ERK  (C14;  1:1000;  Santa  Cruz)  followed  by 
anti-rabbit  horseradish  peroxidase  secondary  antibody.  Films 
were  scanned  using  an  HP  scanner  and  subjected  to  densito- 
metric  analysis  using  ImageJ  and  GraphPad  software. 

RESULTS 

Neprilysin  Cleaves  FGF-2  Protein  between  Residues  Leucine 
135  and  Glycine  136—  To  test  the  hypothesis  that  neprilysin 
could  regulate  angiogenesis  in  vivo,  we  used  the  murine  corneal 
pocket  assay  to  study  the  effect  of  rNEP  on  neovascularization 
induced  by  either  FGF-2  or  VEGF.  In  this  assay,  hydron  pellets 
containing  various  concentrations  of  FGF-2  were  implanted  in 
the  cornea  ~1  mm  from  the  limbus  and  neovascularization 
measured  5  days  later.  As  shown  in  Fig.  1,  rNEP  significantly 
inhibited  FGF-2-induced  neovascularization  (p  <  0.01)  but  had 
no  effect  on  that  of  VEGF.  These  results  suggested  the  possibil¬ 
ity  that  FGF-2  was  inactivated  catalytically  by  neprilysin.  Basic 
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FIGURE  1.  Recombinant  neprilysin  inhibits  FGF-2-induced,  but  not 
VEGF-induced,  angiogenesis.  A,  hydron  pellets  containing  50  ng  of 
FGF-2  (positive  control),  1 0  ng  of  FGF-2,  1 0  ng  of  FGF-2  +  50  ng  of  rNEP, 
200  ng  of  VEGF,  200  +  50  ng  of  rNEP,  200  +  1 00  ng  of  rNEP,  or  50  ng  of  rNEP 
alone  (negative  control)  were  implanted  in  the  cornea  of  C57/B6  mice  and 
new  vessel  formation  at  5  days  measured  by  slit  lamp  ophthalmoscopy. 
Statistical  analysis  of  six  eyes  (three  mice)  in  two  independent  experi¬ 
ments  (a  total  of  six  mice  for  each  group)  was  performed  (*  denotes  p  < 
0.01  compared  with  1 0  ng  of  FGF-2,  two-tailed  unpaired  t  test).  B,  photo¬ 
graph  of  representative  corneas:  10  ng  of  FGF-2  alone  on  left,  10  ng  of 
FGF-2  +  50  ng  of  rNEP  on  right. 


FGF  is  a  potent  proangiogenic,  heparin-binding  growth  factor, 
with  a  primary  translation  product  of  155  amino  acids. 
Neprilysin  hydrolyzes  peptide  bonds  on  the  amino  side  of 
neutral  residues;  however,  a  protein  of  155  amino  acids  is 
theoretically  too  large  to  be  a  substrate  for  neprilysin,  as 
previous  identified  substrates  are  less  than  43  amino  acids 
(19,  20).  To  test  whether  neprilysin  could  hydrolyze  FGF-2, 
we  incubated  rNEP  with  recombinant  FGF-2  for  1  h  and 
separated  the  products  on  a  14%  polyacrylamide  gel.  Recom¬ 
binant  VEGF  was  used  as  control.  As  shown  in  Fig.  2 A,  lane 
1,  arrow),  the  molecular  weight  of  FGF-2  protein,  but  not 
VEGF  protein,  was  appreciably  lower  following  rNEP  incu¬ 
bation.  The  increased  electrophoretic  mobility  of  FGF-2 
incubated  with  rNEP  was  blocked  by  the  specific  neprilysin 
inhibitor  CGS24592  (21),  indicating  that  neprilysin  and  not  a 
contaminating  protease  cleaved  FGF-2  (Fig.  2 B,  lane  4).  To 
confirm  neprilysin  specifically  cleaves  FGF-2,  we  performed 
the  same  digestion  using  either  immunoprecipitated  wild- 
type  neprilysin  (WT5)  or  enzymatically  inactive  neprilysin 
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(M22)  expressed  using  tetracycline-repressible  promoter  (4) 
and  demonstrated  that  an  intact  enzyme  activity  is  both  nec¬ 
essary  and  sufficient  to  observe  FGF-2  cleavage  (Fig.  2C). 

To  confirm  that  FGF-2  cleavage  occurs  rapidly  under  physi¬ 
ologically  relevant  conditions,  we  assessed  the  kinetics  of 
FGF-2  proteolysis  by  neprilysin,  using  an  enzyme:substrate 
ratio  of  1:30  and  monitoring  reaction  progression  using  SDS- 
PAGE.  As  shown  in  Fig.  2 D,  50%  of  FGF-2  was  cleaved  within 
the  first  5-10  min,  indicating  rapid  reaction  kinetics. 

Next  the  neprilysin  cleavage  site  on  FGF-2  was  localized. 
Fibroblast  growth  factor-2  and  rNEP  were  combined  with  or 
without  the  neprilysin  inhibitor  CGS24592  and  analyzed  using 
MALDI-TOF  mass  spectrometry.  This  identified  a  specific 
2019-Da  band  produced  in  the  absence  of  CGS24592  that  cor¬ 
responded  precisely  to  a  20-amino  acid  peptide  located  at  the  C 
terminus  of  the  FGF-2  protein  (Fig.  2 E).  Examination  of  the 
FGF-2  amino  acid  sequence  confirmed  the  potential  neprilysin 
cleavage  site  between  leucine  135  and  glycine  136  (22).  Corre¬ 
lation  with  the  three-dimensional  structure  of  FGF-2  (23)  indi¬ 
cated  that  the  neprilysin  recognition  site  was  located  at  the 
outer  edge  of  the  FGF-2  protein,  suggesting  that  it  could  fit  into 
the  neprilysin  active  site  (Fig.  2 F). 

Basic  FGF  is  primarily  stored  in  the  extracellular  matrix  and 
basement  membrane  associated  with  heparan  sulfate  proteo¬ 
glycan  (HSPG).  Activity  of  FGF-2  is  controlled  in  part  by  a  low 
affinity  but  high  capacity  interaction  with  HSPG.  Free  FGF-2 
may  be  proteolytically  degraded,  as  suggested  by  in  vitro  reac¬ 
tivity  of  the  C-terminal  portion  of  FGF-2  to  trypsin  and  chymo- 
trypsin  (24,  25).  We  hypothesized  that  HSPG  binding  could 
protect  FGF-2  from  degradation  by  neprilysin  because  leucine 
135  and  glycine  136  of  the  FGF-2  protein  lie  within  a  basic 
region  where  heparin-derived  tetra-  and  hexasaccharides  have 
been  reported  to  complex  with  FGF-2  (26).  Incubation  of  rNEP 
and  FGF-2  plus  heparin  (12  units/ml)  showed  that  heparin 
completely  inhibited  the  ability  of  neprilysin  to  cleave  FGF-2 
(Fig.  2G,  lane  2  compared  with  lane  3).  Together,  these  data 
suggest  that  FGF-2  is  a  neprilysin  substrate  and  that  HSPG 
protects  FGF-2  from  neprilysin  cleavage. 

Endogenous  Neprilysin  Expressed  on  Human  Vascular 
Endothelial  Cells  Negatively  Regulates  FGF-2-induced 
Angiogenesis— Previous  studies  indicate  that  neprilysin  is 
expressed  by  human  vascular  endothelial  cells  (9,  27).  Analyses 
of  SV40  tHBMEC  (12)  and  HUVEC  revealed  neprilysin 
enzyme-specific  activities  of  197  pmol/jutg/min  and  36  pmol/ 


jutg/min,  respectively  (data  not  shown).  To  assess  the  functional 
effect  of  endogenous  neprilysin  on  FGF-2-induced  angiogene¬ 
sis  in  vitro ,  we  used  a  capillary  array  formation  assay  to  measure 
the  effects  of  FGF-2  with  and  without  the  neprilysin  inhibitor 
CGS24592  in  tHBMEC  cells  plated  on  Matrigel-coated  plates. 
As  shown  in  Fig.  3 A,  cells  grown  in  the  presence  of  FGF-2  and 
CGS24592  demonstrated  significantly  more  arrays  compared 
with  cells  grown  in  FGF-2  alone,  CGS24592  alone,  or  the 
untreated  negative  control  (p  <  0.05).  We  next  assessed  endo¬ 
thelial  cell  growth  in  tHBMEC  treated  with  600  pg/ml  FGF-2 
and  with  increasing  concentrations  of  CGS24592.  Transduced 
HBMEC  incorporated  more  MTT  as  a  function  of  CGS24592 
concentration,  suggesting  that  inhibition  of  endogenous  nepri¬ 
lysin  activity  results  in  increased  FGF-2-induced  cell  growth 
{p  <  0.03,  Fig.  3 B).  Similar  results  were  obtained  for  HUVEC 
cells  (data  not  shown).  These  data  show  that  neprilysin 
expressed  on  vascular  endothelial  cells  regulates  FGF-2-in- 
duced  angiogenesis. 

FGF-2  Cleavage  Products  Do  Not  Induce  Angiogenesis — To 
confirm  that  neprilysin  cleavage  blocks  FGF-2  function,  we 
produced  and  purified  GST  proteins  fused  to  full-length  FGF-2, 
FGF-2  cleavage  products  corresponding  to  amino  acids  1-135 
and  136-155,  and  as  negative  control,  GST  alone,  and  tested 
their  ability  to  promote  capillary  array  formation  in  primary 
HUVEC  cultures  in  the  presence  of  the  neprilysin  inhibitors 
phosphoramidon  (Fig.  3C,  PPA)  and  CGS24592  (data  not 
shown).  Recombinant  and  full-length  GST-FGF-2  protein  pro¬ 
moted  similar  amounts  of  array  formation.  However,  neither 
the  1-135  nor  the  136-155  FGF-2  cleavage  products  demon¬ 
strated  any  biologic  activity  in  this  assay. 

To  establish  that  neprilysin  anti-angiogenic  activity  is  a 
direct  consequence  of  FGF-2  cleavage,  we  examined  whether 
cleavage  of  FGF-2  abrogated  its  ability  to  signal  through  the 
fibroblast  growth  factor  receptor.  Upon  engaging  FGF-2,  FGF 
receptor  undergoes  dimerization  and  autophosphorylation  and 
then  signals  by  way  of  the  mitogen-activated  protein  kinase 
pathway  resulting  in  ERI<  phosphorylation  (28).  Therefore,  we 
first  assessed  rNEP  inhibition  of  FGF-2  signaling  by  blotting 
HUVEC  lysates  for  phosphorylated  ERI<  and  total  ERI<  pre¬ 
pared  following  treatment  with  either  FGF-2  (100  ng/ml)  alone 
or  FGF-2  preincubated  with  rNEP.  As  shown  in  Fig.  4A,  rNEP 
treatment  decreased  FGF-2-induced  ERI<  phosphorylation  by 
—50%.  As  a  complementary  approach,  we  next  examined  the 
effect  of  neprilysin  inhibition  on  ERI<  phosphorylation  follow- 


FIGURE  2.  Neprilysin  enzymatic  activity  cleaves  FGF-2  protein.  A,  basic  FGF  orVEGF  was  incubated  with  or  without  rNEP  for  1  h  at  25  °C  in  100  miviTris-FICI, 
pH  7.6,  and  the  samples  separated  by  1 4%  SDS-PAGE.  Lane  7, 1 2.5  piM  FGF-2  +  1  jiiM  rNEP;  lane  2, 1 2.5  juM  FGF-2  alone;  lane  3, 1 2.5  juM  VEGF  alone;  lane  4, 1 2.5 
/xM  VEGF  +  1  fiM  rNEP.  Note  faster  migration  of  FGF-2  protein  treated  with  rNEP  (arrow).  B,  12.5  pM  FGF-2  was  incubated  with  or  without  rNEP  and  the  neprilysin 
inhibitor  CGS24592  for  1  h  at  25  °C  and  the  samples  separated  by  1 4%  SDS-PAGE.  Lane  I,  Me2SO  vehicle  (control);  lane  2, 3  pM  CGS24592;  lane  3, 1  pM  rNEP  + 
1 2.5  /xM  FGF-2;  lane  4, 1  pM  rNEP  +  1 2.5  pM  FGF-2  +  3  pM  CGS24592.  Note  that  the  addition  of  CGS24592  blocks  the  faster  migration  of  FGF-2  protein  treated 
with  rNEP  (lane  4  compared  with  lane  3).  C,  lysates  from  TSU-Prl -derived  WT5  and  M22  cells  cultured  in  tetracycline-free  medium  for  48  h  containing  500  pig  of 
total  protein  were  subjected  to  immunoprecipitation  with  J5  antibody  and  incubated  with  1 00  ng  of  FGF-2  for  4  h  at  37  °C.  Samples  were  analyzed  by  SDS-PAGE 
and  Western  blotted  for  both  FGF-2  and  neprilysin.  Note  the  increased  electrophoretic  mobility  seen  with  wild-type  neprilysin  (1/1/75),  but  not  enzymatically 
deficient  neprilysin  (M22).  D,  FGF-2  (1 2  piM)  and  neprilysin  (400  nivi)  were  incubated  in  50  itim  Flepes,  pH  7.4, 1 00  itim  NaCI  and  aliquots  removed  at  the  various 
times  (1-230  min),  quenched  with  SDS  sample  buffer,  and  analyzed  by  SDS-PAGE.  Coomassie-stained  intact  FGF-2  (upper  arrow  on  right )  was  then  quantified 
densitometrically  (NIH  ImageJ  software)  and  expressed  graphically  as  the  percentage  of  intact  FGF-2,  with  1 00%  defined  as  the  intensity  of  the  intact  FGF-2 
band  at  time  0,  just  prior  to  addition  of  rNEP.  E,  recombinant  neprilysin  was  incubated  with  FGF-2  with  (upper  panel)  or  without  (lower  panel)  CGS24592  and 
analyzed  by  MALDI-TOF  mass  spectrometry.  Note  the  presence  of  a  2019-Da  band,  which  corresponds  to  amino  acids  136-155  of  the  FGF-2  protein  in  the 
absence  of  CGS24592.  F,  crystal  structure  of  the  1 55-amino  acid  form  of  recombinant  FGF-2  (Protein  Data  Bankaccession  code  1 BFF  from  Ref.  23). The  neprilysin 
cleavage  site  is  highlighted.  G,  fibroblast  growth  factor-2,  rNEP,  and  heparin  were  incubated  for  1  h  at  25  °C  in  1 00  itim  T ris-HCI,  pH  7.6,  and  subjected  to  14% 
SDS-PAGE  analysis  with  Coomassie  Blue  staining.  Lane  7, 1  juM  rNEP  alone;  lane  2, 12.5  juM  FGF-2  +  1  jiiM  rNEP  +  12  units/ml  heparin;  lane  3, 12.5  juM  FGF-2  +  1 
juM  rNEP;  lane  4, 1 2.5  pM  FGF-2  alone.  Note  heparin  inhibits  the  faster  migration  of  FGF-2  protein  treated  with  rNEP  (lane  2).  Lanes  7  and  4  are  controls. 
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FIGURE  3.  Endogenous  neprilysin  inhibition  enhances  FGF-2-induced 
angiogenesis.  A,  transduced  human  bone  marrow  microvascular  endothe¬ 
lial  cells  were  assayed  using  a  Matrigel  capillary  array  formation  assay.  Cells 
were  plated  on  growth  factor-reduced  Matrigel  in  the  presence  (+)  or 
absence  (-)  of  CGS24592  (30  nivi)  for  2  h  followed  by  the  addition  of  FGF-2  (5 
ng/ml)  for  4  h  as  indicated.  Representative  photographs  were  then  taken.  B, 
transduced  human  bone  marrow  microvascular  endothelial  cells  were  incu¬ 
bated  with  600  pg/ml  FGF-2  in  Dulbecco's  modified  Eagle's  medium  supple¬ 
mented  with  1%  FCS  and  increasing  concentrations  of  CGS24592.  After  48  h, 
medium  was  exchanged  with  that  containing  MTT  at  a  concentration  of 


ing  treatment  with  a  10-fold  lower  concentration  of  FGF-2  (10 
ng/ml).  At  this  concentration  neither  FGF-2  nor  inhibition  of 
endogenous  neprilysin  with  CGS24592  resulted  in  appreciable 
stimulation  of  ERI<  phosphorylation  (Fig.  4 B);  however, 
CGS24592  treatment  led  to  an  FGF-2-stimulated  increase  in 
ERI<  phosphorylation. 

Next  we  sought  to  identify  the  mechanism,  either  loss  of 
receptor  binding  or  receptor  antagonism,  by  which  FGF-2 
cleavage  results  in  its  inactivation.  This  was  done  by  simulta¬ 
neously  examining  cell  surface  binding  of  FGF-2  cleavage  prod¬ 
ucts  and  their  ability  to  induce  ERI<  phosphorylation.  On  incu¬ 
bation  of  GST-FGF-2  fusion  proteins  with  intact  HUVEC  and 
tHBMEC,  FGF-2  cleavage  products  but  not  full-length  FGF-2 
constructs  failed  to  signal  through  FGF-R  (Fig.  4C)  and  coinci¬ 
dentally  failed  to  bind  to  cultured  vascular  endothelial  cells  (Fig. 
4 D),  implying  that  neprilysin  cleavage  reduces  FGF-2  signaling 
by  rendering  FGF-2  incapable  of  binding  cell  surface  receptor. 
10%  input  standards  were  included  on  the  right  side  of  Fig.4D  as 
controls. 

Mutagenesis  of  the  neprilysin  cleavage  site  residues  to  ala¬ 
nines  resulted  in  decreased  neprilysin  cleavage,  with  the 
double  mutant  L135A/G136A  demonstrating  a  near  com¬ 
plete  loss  of  cleavage  by  neprilysin  (Fig.  5 A).  Consistent  with 
neprilysin  normally  cleaving  N-terminal  to  a  hydrophobic 
residue,  the  G136A  mutant,  which  adds  hydrophobicity  to 
this  position,  largely  retains  its  ability  to  be  cleaved  by  nepri¬ 
lysin.  When  tested  in  a  Matrigel  array  formation  assay,  the 
neprilysin-resistant  L135A/G136A  FGF-2  was  capable  of 
inducing  arrays  to  an  extent  comparable  with  that  seen  with 
a  10-fold  higher  concentration  of  FGF-2  or  with  CGS24592 
treatment  (Fig.  5 B).  Taken  together,  these  data  suggest  that 
endogenously  expressed  neprilysin  on  vascular  endothelial 
cells  regulates  FGF-2-induced  angiogenesis. 

DISCUSSION 

Our  previous  studies  have  demonstrated  that  neprilysin  pos¬ 
sesses  multiple  properties  similar  to  those  of  tumor  suppressor 
proteins.  These  inhibitory  effects  derive  both  from  neprilysin  s 
catalytic  action  on  peptide  substrates  and  from  direct  protein- 
protein  interactions  between  neprilysin  s  short  cytoplasmic 
domain  and  lyn  kinase,  PTEN,  and  ezrin/radixin/moesin  pro¬ 
teins.  In  the  current  study,  we  have  demonstrated  that  neprily¬ 
sin  is  capable  of  cleaving  FGF-2,  resulting  in  its  inactivation  and 
inhibition  of  angiogenesis  in  vivo .  With  a  primary  sequence  of 
155  amino  acids,  FGF-2  is  the  largest  reported  neprilysin  sub¬ 
strate,  indicating  that  substrate  specificity  is  not  restricted  to 
peptides  less  than  43  amino  acids,  as  previously  believed,  and 
raising  the  possibility  that  neprilysin  may  inactivate  other  large 


0.5  mg/ml  and  incubation  continued  for  4  more  h.  Incorporated  MTT  was 
liberated  with  Me2SO  and  expressed  as  A570  nm  (*  denotes  p  <  0.03  relative  to 
no  CGS24592).  Results  are  representative  of  two  independent  experiments 
with  similar  results  performed  in  triplicate.  C,  1 5,000  HUVEC  cells  were  plated 
on  growth  factor-reduced  Matrigel  in  the  presence  or  absence  of  30  p m  phos- 
phoramidon  and  the  indicated  commercially  available  FGF-2  or  GST-FGF-2 
fusion  protein  (included  FGF-2  amino  acids  designated  in  parentheses)  added 
to  a  final  concentration  of  50  nivi.  Array  formation  was  quantified  after  1 8  h  by 
measuring  total  length  of  capillary  cords  formed/X500  field  using  ImageJ 
software.  Results  are  representative  of  three  independent  experiments  with 
similar  results  performed  in  triplicate  (*  denotes  p  <  0.05  relative  to  GST 
control). 
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FIGURE  4.  Neprilysin  inhibition  of  FGF-2  signaling  through  mitogen-activated  protein  kinase.  A  neprily- 
sin  attenuation  of  FGF-2  signaling  through  ERK.  FGF-2  (8  pig/ml)  was  incubated  in  the  presence  or  absence  of 
rNEP  (60  jutg/ml)  for  1  h  at  25  °C  in  1 00  mM  T ris-HCI,  pH  7.6,  and  then  added  to  subconfluent  FIUVEC  monolayers 
for  a  FGF-2  concentration  of  1 00  ng/ml,  incubated  for  20  min,  harvested  with  radioimmune  precipitation  lysis 
buffer,  and  50  pig  of  protein  subjected  to  Western  blotting  analysis  using  anti-total  ERK  antibody  ( T-ERK)  or 
anti-phosphorylated  ERK  antibody  {P-ERK).  As  a  negative  control,  buffer  alone  was  used.  Results  are  represent¬ 
ative  of  three  independent  experiments.  The  inset  shows  densitometric  analysis  of  the  included  experiment.  B, 
neprilysin  inhibition  potentiates  FGF-2  signaling  through  ERK.  As  in  panel  A,  FGF-2  and  rNEP  were  incubated 
and  then  added  to  subconfluent  FIUVEC  monolayers  that  were  pretreated  with  1 0  mvi  CGS24592  or  vehicle  for 
2  h  for  a  final  FGF-2  concentration  of  1 0  ng/ml,  incubated  for  20  min,  harvested  with  radioimmune  precipita¬ 
tion  lysis  buffer,  and  50  pig  of  protein  subjected  to  Western  blotting  using  total  ERK  ( T-ERK)  or  phosphorylated 
ERK  ( P-ERK)  antibodies.  The  inset  shows  densitometric  analysis  of  the  included  experiment.  C,  FGF-2  cleavage 
products  are  unable  to  induce  mitogen-activated  protein  kinase  phosphorylation.  Subconfluent  FIUVEC 
monolayers  were  treated  with  5  nM  recombinant  proteins  as  indicated  for  20  min  and  washed  three  times  with 
2  ml  of  phosphate-buffered  saline.  Radioimmune  precipitation  buffer  cell  lysates  were  analyzed  for  total  and 
phosphorylated  ERK  as  in  panel  A.  Recombinant  commercially  purchased  FGF-2  (5  nM)  was  used  as  positive 
control.  D,  testing  of  FGF-2  cleavage  products  for  binding  to  intact  cells.  Lysates  from  panel  C  were  analyzed  by 
SDS-PAGE  and  blotted  with  anti-GST  antibody.  As  an  in  input  standard,  10%  of  each  FGF-2  cleavage  product 
included  in  the  experiment  was  analyzed  on  the  same  gel  ( four  right  lanes). 


proteins  with  sterically  permissive  tertiary  structures.  With 
regard  to  FGF-2,  the  external  position  of  the  cleavage  site  per¬ 
mits  the  generation  of  a  20-amino  acid  C-terminal  clipped 
product  of  FGF-2.  These  findings  also  support  a  novel  mecha¬ 
nism  by  which  FGF-2  signaling  is  attenuated  prior  to  receptor 
engagement  by  a  cell  surface  peptidase.  Although  this  mecha¬ 
nism  had  been  proposed  previously,  given  that  the  C-terminal 
portion  of  FGF-2  is  cleaved  by  limited  proteolysis  in  vitro  with 
trypsin  and  chymotrypsin  (24),  this  is  the  first  example  of  a 
protease  that  cleaves  FGF-2  resulting  in  decreased  angiogenesis 
both  in  vitro  and  in  vivo . 

Cleavage  of  FGF-2  by  neprilysin  was  rapid  in  vitro ,  with  50% 
cleavage  occurring  in  5-10  min.  Although  we  cannot  exclude 
that  neprilysin  in  vivo  may  be  activating  another  enzyme  that  in 
turn  cleaves  FGF-2,  the  reaction  kinetics  using  purified  proteins 
are  comparable  with  those  observed  for  other  neprilysin  sub¬ 


strates;  for  example,  amyloid- j3  at  a 
1-jLiM  concentration  was  observed 
to  be  50%  degraded  by  150  nM  nepri¬ 
lysin  in  ~5  min  (29). 

Regulation  of  the  interaction 
between  neprilysin  and  FGF-2  likely 
occurs  through  the  actions  of  extra¬ 
cellular  matrix  and  cell  surface 
HSPG,  as  suggested  by  the  ability  of 
heparin  to  protect  FGF-2  from 
cleavage  by  neprilysin.  The  putative 
neprilysin  cleavage  site  is  one  of  the 
sites  where  heparanoids  are 
reported  to  complex  with  FGF-2 
(26),  potentially  explaining  why 
heparin  binding  prevents  FGF-2 
from  neprilysin  cleavage.  Heparan 
sulfate  proteoglycan  augments  FGF 
signaling  by  interacting  with  both 
FGF-2  and  its  receptors,  with  evi¬ 
dence  emerging  that  FGF-2  may  sig¬ 
nal  through  HSPG  independently  of 
FGF  receptors  (30).  It  is  possible 
that  augmentation  of  signaling  may 
be  due  in  part  to  protecting  FGF-2 
from  proteolytic  cleave  by  neprily¬ 
sin,  resulting  in  higher  local  concen¬ 
trations  of  FGF-2  and  the  cell  sur¬ 
face.  The  FGF-2  cleavage  products 
produced  by  neprilysin  do  not  have 
any  detectable  receptor  binding 
activity,  but  the  1-135  fragment 
retains  binding  to  heparin  (data  not 
shown)  and  would  be  predicted  to 
interact  with  the  plasmin  substrate 
fibrinogen  (31),  both  events  associ¬ 
ated  with  enhanced  angiogenesis 
(32),  raising  the  possibility  that  it 
may  modulate  the  FGF-2  activity. 
Likewise,  it  is  possible  that  the  20- 
amino  acid  fragment  may  possess 
some  as  yet  undetermined  biologic 
activity  and  that  neprilysin  functions  to  release  this  product 
similar  to  how  the  neprilysin  homologue  endothelin-convert- 
ing  enzyme  1  cleaves  proendothelin  to  form  the  biologically 
active  endothelin-1  (33). 

Fibroblast  growth  factor-2  has  been  studied  extensively  in 
prostate  cancer.  Of  note,  neprilysin-expressing  LNCaP  cells 
do  not  produce  measurable  amounts  of  FGF-2,  in  contrast  to 
non-neprilysin-expressing,  androgen-independent  PC-3 
and  DU-145  cells  (34).  Fibroblast  growth  factor-2  is  highly 
expressed  in  prostate  cancer  tissues  (35-37),  and  expression 
correlates  with  neovascularization  in  prostate  cancer  tissue 
specimens  (38).  Patients  with  prostate  cancer  have  signifi¬ 
cantly  elevated  serum  FGF-2  levels  compared  with  healthy 
controls  that  increase  on  progression  to  androgen-indepen- 
dent  disease  (35).  Importantly,  androgen-independent  pros¬ 
tate  cancer  is  frequently  accompanied  by  loss  of  tumor  cell 
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FIGURE  5.  Mutagenesis  of  the  putative  neprilysin  cleavage  site  results  in 
abrogation  of  cleavage  and  increases  FGF-2  potency.  A  1  /jl  g  each  of  wild- 
type  FGF-2  ( lanes  1-2 )  and  the  FGF-2  mutants  LI  35A  {lanes  3-4),  G1 36A  ( lanes 
5-6),  and  L135A/G136A  ( lanes  7-8 )  was  incubated  with  2  pig  of  rNEP  {even- 
numbered  lanes )  or  vehicle  {odd-numbered  lanes )  at  25  °C  for  12  h  in  a  final 
volume  of  25  /xl  of  100  itim  Tris-HCI,  pH  7.2,  and  subjected  to  SDS-PAGE  anal¬ 
ysis.  A  lower  band  corresponding  to  the  major  cleavage  product  is  observed 
for  wild-type  FGF-2  reaction  and  in  varying  degrees  for  the  FGF-2  mutants. 
Below  is  the  densitometric  analysis  (ImageJ  software)  for  each  cleavage  prod¬ 
uct  expressed  as  percentage  of  total  FGF-2  (intact  +  cleaved  band)  and  cor¬ 
rected  by  subtracting  the  corresponding  pixels  obtained  in  the  absence  of 
neprilysin.  These  data  are  representative  of  three  individual  experiments  with 
similar  results.  B,  15,000  HUVEC  cells  were  plated  on  growth  factor-reduced 
Matrigel  in  the  presence  or  absence  of  30  nivi  CGS  24592  and  the  indicated 
FGF-2  protein  (5-50  ng/ml).  Array  formation  was  quantified  after  18  h  by 
measuring  total  length  of  capillary  cords  formed/X500  field  in  five  different 
fields  using  ImageJ  software.  Results  are  representative  of  three  independent 
experiments  with  similar  results  performed  in  duplicate  (*,p  <  0.01  relative  to 
control  and  wild-type  FGF-2). 


neprilysin  expression  (1),  and  therefore  increased  serum 
FGF-2  in  these  patients  may  be  explained  by  our  findings. 
Introduction  of  FGF-2  into  prostate  epithelial  cells  induces  a 
neoplastic  phenotype  (39),  and  a  recent  study  showed  that 
FGF-2-mediated  angiogenesis  promotes  tumor  progression 
in  the  TRAMP  animal  model  of  prostate  cancer  (40). 


Neprilysin  may  possess  anti-angiogenic  properties  in  addi¬ 
tion  to  cleaving  FGF-2.  Neuropeptide  substrates  of  neprilysin 
implicated  in  prostate  cancer  progression  such  as  endothelin-1 
(41)  and  bombesin  (42)  are  capable  of  inducing  FGF-2  as  well  as 
VEGF  expression.  Furthermore,  neprilysin  stabilizes  PTEN 
protein  (7),  resulting  in  reduced  levels  of  phosphorylated  Akt, 
known  to  induce  VEGF  expression  in  vascular  endothelial  cells 
(43).  Thus,  neprilysin  appears  capable  of  negatively  regulating 
angiogenesis  via  multiple  signaling  pathways. 

Our  findings  implicate  the  enzymatic  activity  of  neprilysin  as 
anti-angiogenic  and  may  be  therapeutically  applicable  beyond 
malignant  neoangiogenesis.  Neprilysin  levels  are  reported  to  be 
elevated  in  diabetic  ulcers  (44),  raising  the  possibility  that 
impaired  wound  healing  in  diabetic  patients  may  result  in  part 
from  the  inhibitory  effect  of  neprilysin  on  FGF-2.  Use  of  a 
neprilysin  inhibitor  administered  topically  in  diabetics  in  con¬ 
junction  with  recombinant  FGF-2  potentially  would  represent 
a  novel  therapeutic  approach  in  these  patients.  Alternatively, 
the  use  of  a  neprilysin-resistant  form  of  FGF-2  could  circum¬ 
vent  the  need  for  a  neprilysin  inhibitor  and  provide  a  novel 
therapy  to  target  ischemia,  where  robust  angiogenesis  is 
required.  Neprilysin  loss  has  also  been  implicated  in  the  patho¬ 
genesis  of  Alzheimer  disease,  where  its  substrate  /3-amyloid  is 
increased  (45).  FGF-2  levels  are  also  elevated  in  amyloid 
plaques  in  association  with  HSPG  in  the  affected  brain  relative 
to  control,  a  phenomenon  that  may  be  explained  by  this  study 
(46). 

In  summary,  our  studies  identify  the  cell  surface  peptidase 
neprilysin  as  a  protease  that  cleaves  and  inactivates  FGF-2.  In 
addition  to  inhibiting  cell  growth  and  migration  via  multiple 
mechanisms,  including  neuropeptide  inactivation  and  protein- 
protein  interactions,  neprilysin  functions  to  inhibit  FGF-2-me- 
diated  angiogenesis.  As  an  anti-angiogenic  protein,  neprilysin 
fulfills  a  previously  unrecognized  novel  tumor-suppressive 
function. 
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Neutral  endopeptidase  inhibits  prostate  cancer  tumorigenesis 
by  reducing  FGF-2-mediated  angiogenesis 
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Neutral  endopeptidase  (NEP)  is  a  cell  surface  peptidase  that  catalytically  inactivates  a  variety  of 
physiologically  active  peptides  including  basic  fibroblast  growth  factor  (FGF-2).  We  investigated 
the  effect  of  using  lentivirus  to  overexpress  NEP  in  NEP-deficient  DU145  prostate  cancer  cells. 
Third-generation  lentiviral  vectors  encoding  wild-type  NEP  (L-NEP),  catalytically  inactive  mutant 
NEP  (L-NEPmu),  and  green  fluorescent  protein  (L-GFP)  were  stably  introduced  into  DU145  cells. 
FGF-2  levels  in  cell  culture  supernatants  decreased  by  80%  in  L-NEP-infected  DU145  cells 
compared  to  cells  infected  with  L-NEPmu  or  L-GFP  (P<0.05)  while  levels  of  other  angiogenic 
factors  were  not  altered.  In  vitro  tubulogenesis  of  human  vascular  endothelial  cells  induced  by 
conditioned  media  from  DU145  cells  infected  with  L-NEP  was  significantly  reduced  compared  with 
that  from  DU145  cells  infected  with  L-GFP  (P<0.05).  Tumor  xenografts  from  L-NEP-infected  DU145 
cells  were  significantly  smaller  compared  to  control  cell  xenografts  and  vascularity  within  these 
tumors  was  decreased  (P<0.05).  Our  data  suggest  that  stable  expression  of  NEP  in  DU145  cells 
inhibits  prostate  cancer  tumorigenicity  by  inhibiting  angiogenesis,  with  a  probable  mechanism 
being  proteolytic  inactivation  of  FGF-2. 

Prostate  Cancer  and  Prostatic  Diseases  advance  online  publication,  12  June  2007;  doi:10.1038/sj.pcan.4500984 
Keywords:  angiogenesis;  basic  fibroblast  growth  factor;  lentivirus;  neutral  endopeptidase 


Introduction 

Neutral  endopeptidase  (NEP,  neprilysin,  CD10)  is  a  90- 
110  kDa  type  II  integral  membrane  protein  member  of  the 
Ml  3  family  of  zinc  peptidases,  possessing  an  extracel¬ 
lular  C  terminus  that  contains  an  active  catalytic  domain 
that  cleaves  peptide  bonds  on  the  amino  side  of 
hydrophobic  amino  acids.1,2  NEP  inactivates  multiple 
physiologically  active  peptides,  including  atrial  natriure¬ 
tic  factor,  substance  P,  bradykinin,  oxytocin.  Leu-  and 
Met-enkephalins,  neurotensin,  bombesin,  endothelin-1 
(ET-1),  and  /Famyloid.  We  recently  reported  that  basic 
fibroblast  growth  factor  (FGF-2)  is  a  previously  uni¬ 
dentified  NEP  substrate.3  NEP  catalytically  inactivates 
FGF-2  by  cleavage  between  residues  leucinel35  and 
glycinel36  resulting  in  a  biologically  inactive  FGF-2 
protein  and  impairs  FGF-2-stimulated  angiogenesis.3 

NEP  is  normally  expressed  on  a  variety  of  tissues, 
including  prostatic  epithelial  cells.  Expression  of  NEP  is 
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frequently  decreased  or  lost  in  prostate  cancers  via 
hypermethylation  of  the  NEP  promoter  or  following 
androgen  withdrawal.4-6  Loss  of  NEP  in  prostate  cancer 
cell  lines  results  in  increased  peptide-mediated  cell 
growth,  cell  migration  and  invasion,  and  ligand- 
independent  activation  of  the  insulin-like  growth 
factor-1  receptor  leading  to  Akt  phosphorylation.4,7,8 
Loss  of  NEP  in  vivo  in  primary  prostate  cancers  correlates 
with  increased  Akt  phosphorylation,  and  predicts 
biochemical  relapse  in  patients  who  have  undergone 
radical  prostatectomy.6,9  Together,  these  studies  suggest 
that  NEP  loss  contributes  to  prostate  cancer  progression. 

To  assess  the  antitumor  effects  of  re-expressing  NEP, 
we  previously  used  a  tetracycline-repressible  system 
(Tet-off)  to  regulate  NEP  expression  in  TSU-Prl  cells, 
which  at  that  time  were  believed  to  be  of  prostate  cancer 
derivation  but  subsequently  were  shown  to  derive  from 
a  bladder  cancer  cell  line.10  In  those  studies,  tetracycline- 
regulated  expression  of  NEP  resulted  in  inhibition  of  cell 
growth,  cell  migration  and  tumorigenesis  in  an  ortho¬ 
topic  model  of  prostate  cancer,4,7,11  indicating  that  NEP 
functioned  in  part  as  a  tumor  suppressor.  To  extend  these 
observations  in  a  prostate  cancer  cell  line  model,  and  to 
simultaneously  assess  if  NEP  could  be  delivered  to 
prostate  cancer  cells  using  a  delivery  system  that  would 
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have  greater  clinical  relevance,  we  examined  a  lentiviral 
gene  delivery  system.  Lentiviruses  such  as  human 
immunodeficiency  virus  type-1  have  been  developed 
for  in  vitro  and  in  vivo  gene  delivery.12,13  Lentiviral 
vectors  have  numerous  advantages  for  gene  delivery, 
including  the  ability  to  infect  non-dividing  cells,  long¬ 
term  transgene  expression  and  absence  of  induction  of 
host  inflammatory  and  immune  responses.12  Recent 
studies  have  begun  to  examine  their  utility  in  cancer 
gene  therapy.  Pellinen  et  al.14  reported  a  50-95%  lentiviral 
gene  transfer  efficiency  in  studies  of  42  tumor  cell  lines 
from  10  different  human  tumor  types,  and  lenti viral- 
media  ted  inhibition  of  cell  growth  and/or  tumor  form¬ 
ation  in  athymic  mice  have  been  demonstrated  in 
prostate  cancer,15-18  liver  cancer,19  oral  squamous 
cancer,20  cervical  cancer21  and  melanoma.19,22  We  chose 
to  evaluate  the  effect  of  lentiviral  vector-mediated  NEP 
transfer  in  NEP-deficient  DU145  cells.  We  report  here 
that  lentivirus  is  an  effective  tool  for  NEP  transfer  into 
prostate  cancer  cells  and  results  in  significant  inhibition 
of  tumorigenesis,  with  a  probable  mechanism  being 
inhibition  of  FGF-2-mediated  angiogenesis. 


Materials  and  methods 

Cells  and  reagents 

The  androgen-independent  metastatic  prostate  cancer 
cell  line  DU145  was  obtained  from  the  American  Type 
Culture  Collection  (Manassas,  VA,  USA)  and  grown  in 
RPMI 1640  medium  supplemented  with  2  mM  glutamine, 
1%  nonessential  amino  acids,  100  U /ml  streptomycin 
and  penicillin,  and  10%  fetal  calf  serum  (FCS).  Human 
umbilical  vein  endothelial  cells  (HUVEC)  were  isolated 
and  maintained  as  described  previously.23  Antibodies 
used  in  this  study  include  anti-NEP  antibody  (NCL- 
CD10-270,  Novocastra  Laboratories  Ltd,  Newcastle  upon 
Tyne,  UK),  fluorescein  isothiocyanate  (FITC)-conjugated 
anti-NEP  antibody  (J5,  Beckman  Coulter,  Fullerton,  CA, 
USA),  anti-phospho-Akt  antibody  (Ser473)  (Cell  Signal¬ 
ing  Technology  Inc.,  Beverly,  MA,  USA),  anti-Akt  anti¬ 
body  (Cell  Signaling  Technology),  anti-phospho-FAK 
antibody  (Tyr397,  Biosource,  Camarillo,  CA,  USA),  anti- 
EAK  antibody  (C-20,  Santa-Cruz  Biotechnology  Inc., 
Santa  Cruz,  CA,  USA),  anti-phosphatase  and  tensin 
homolog  (PTEN)  antibody  (A2B1,  Santa-Cruz  Biotechno¬ 
logy  Inc.)  and  anti-alpha  smooth  muscle  actin  (aSMA) 
antibody  (Dako  Cytomation,  Carpinteria,  CA,  USA). 


Lentiviral  vector  production  and  transduction 
A  four-plasmid  expression  system  was  used  to  generate 
third-generation  lentiviral  vectors  by  transient  transfec¬ 
tion  as  described  previously.12,13  The  vector  plasmids 
that  expressed  green  fluorescent  protein  (L-GFP),  wild- 
type  NEP  (L-NEP)  or  enzymatically  inactive  mutant  NEP 
(L-NEPmu)  driven  by  the  human  cytomegalovirus 
promoter  were  constructed  as  described.12,13  The  lenti¬ 
viral  vector  titers  were  estimated  by  flow  cytometric 
analyses  (fluorescence-activated  cell  sorting  (FACS))  as 
described  previously.13  DU145  cells  were  transduced 
with  L-GFP,  L-NEP  or  L-NEPmu  at  the  indicated  multi¬ 
plicity  of  infection  (MOI)  in  the  presence  of  6^g/ml 
polybrene  (Sigma- Aldrich,  St  Louis,  MO,  USA)  for  72  h. 


NEP  enzyme  activity  assay 

NEP-specific  enzyme  activities  in  the  transduced  cells 
and  tissues  were  assessed  as  described  using  Suc-Ala- 
Ala-Phe-pNA  (Bachem  Bioscience  Inc.,  Philadelphia,  PA, 
USA)  as  substrate.24  Specific  activities  were  expressed  as 
picomoles  per  microgram  of  protein  per  minute  and 
represent  an  average  of  two  separate  measurements 
performed  in  duplicate. 

Cell  proliferation  assay 

DU145  cells  were  plated  in  six- well  plates  (5  x  103/well 
in  triplicate)  overnight  and  then  infected  with  lentiviral 
vectors.  The  total  cell  number  was  counted  at  the 
indicated  time.  Results  were  expressed  as  an  average  of 
two  separate  measurements  performed  in  triplicate. 

Matrigel  invasion  assay 

Invasion  was  assessed  using  Matrigel-coated  Biocoat  cell 
culture  inserts  (BD  Biosciences,  San  Jose,  CA,  USA)  with 
8-jim  pores  in  24  wells,  as  described  previously.25  Briefly, 
a  suspension  of  5  x  104  cells  in  serum-free  RPMI  were 
added  to  each  insert  and  RPMI  supplemented  with  10% 
FCS  were  added  to  the  bottom  of  each  well.  The  plates 
were  incubated  for  24  h  at  37°C.  Inserts  were  fixed  and 
stained  with  Diff-Quik  Stain  Set  (Dade  Behring  Inc., 
Deerfield,  IL,  USA),  and  cells  invading  through  each 
of  the  Matrigel-coated  transwell  inserts  were  counted 
at  x  40  magnification.  Results  were  expressed  as  an 
average  of  two  separate  measurements  performed  in 
triplicate. 

Immunoblotting  and  immunoprecipitation 
Immunoblotting  and  immunoprecipitation  were  carried 
out  as  described  previously 2  ,27  For  immunoprecipita- 
tions,  600  iug  of  precleared  total  cell  lysates  were 
incubated  with  2  /ag  of  anti-PTEN  antibody  for  2  h  at 
4°C  and  40  ^1  of  protein  G-Sepharose  beads  (Amersham 
Pharmacia  Biotech,  Piscataway,  NJ,  USA)  for  1  h.  Protein 
complexes  were  separated  by  sodium  dodecyl  sulfate 
polyacrylamide  gel  electrophoresis  and  detected  with  the 
appropriate  antibody. 

Determination  of  growth  factors  secretion 
Stably  transduced  DU145  cells  were  plated  at  1  x  104 
cells /well  in  six- well  plates  in  RPMI  1640  containing  10% 
FCS  for  24  h,  and  then  were  washed  with  serum-free 
medium  and  cultured  for  an  additional  48  h  in  serum- 
free  medium.  The  medium  was  collected  and  centri¬ 
fuged.  The  levels  of  growth  factors  in  the  supernatants 
were  analyzed  using  a  Beadlyte  growth  factor  detection 
kit  (Upstate  Biotechnology,  Lake  Placid,  NY,  USA). 
Results  were  expressed  as  an  average  of  two  separate 
measurements  performed  in  triplicate. 

Real  time  reverse  transcription-PCR 
Total  RNA  was  extracted  with  Trizol  (Invitrogen, 
Carlsbad,  CA,  USA)  following  the  manufacturer's 
instructions.  One  microgram  of  total  RNA  was  then 
reverse-transcribed  into  cDNA  using  Superscript  First- 
Strand  Synthesis  system  for  reverse  transcription  PCR 
(RT-PCR;  Invitrogen).  Real-time  RT-PCR  was  performed 
using  SYBR  Green  PCR  Master  Mix  with  the  ABI  Prism 
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7700  Sequence  Detector  (Applied  Biosystems,  Foster  City, 
CA,  USA)  following  the  manufacturer's  instructions.  The 
PCR  primer  pair  used  for  FGF-2  was  described 
previously.28  Results  were  obtained  as  an  average  of 
measurements  performed  in  triplicate. 

HUVEC  tube  formation  assay 

Transduced  DU145  cells  were  plated  at  1  x  104  cells /well 
in  six- well  plates  in  RPMI  1640  containing  10%  FCS  for 
24  h,  and  then  were  washed  with  serum-free  medium 
and  cultured  for  an  additional  48  h  in  serum-free 
medium.  The  medium  was  collected  and  centrifuged 
and  used  as  conditioned  media.  A  96-well  plate  was 
coated  with  10  mg/ ml  of  growth  factor-reduced  matrigel 
(BD  Biosciences)  at  37°C  for  30  min.  HUVECs  (1.5  x  104 
cells /well)  were  cultured  in  a  96- well  plate  coated  with 
matrigel  in  conditioned  media  from  transduced  DU145 
cells  for  18  h  and  the  total  length  of  tube-like  structures  of 
five  randomly  chosen  microscopic  fields  was  measured 
by  Image  J  software. 

Assessment  of  tumorigenicity  of  transduced  DU145  cells 
Transduced  DU145  cells  (5  x  106  cells)  were  inoculated 
subcutaneously  into  the  flanks  of  nude  mice  (Taconic, 
Hudson,  NY,  USA).  The  tumor  volumes  were  monitored 
every  3  or  4  days.  Tumor  volume  was  estimated  by  using 
the  formula  volume  =  width2  x  length  x  0.52  in  mm3.  At 
day  29,  the  mice  were  killed,  and  the  tumors  were 
removed  for  further  experiments.  Animal  experiments 
were  reviewed  and  approved  by  the  Institutional  Animal 
Care  and  Use  Committee. 

Immunohistochemistry 

Immunohistochemistry  was  performed  using  DAKO 
EnVision  +  system  HRP  (DAKO)  according  to  the  manu¬ 
facturer's  instruction.  Vascularity  in  each  tumor  specimen 
was  estimated  using  anti-aSMA  antibody  (DAKO).  Three 
areas  of  vascularization  were  selected  under  a  light 
microscope  with  a  200-fold  magnification  and  the  mean 
count  of  those  areas  was  recorded  for  each  tumor  section. 

Statistical  analysis 

All  analyses  were  performed  using  StatView  5.0  (SAS 
Institute  Inc.,  Cary,  NC,  USA).  Results  were  expressed  as 
the  mean  +  s.e.  for  three  independent  measurements  in 
two  separate  experiments.  Analysis  of  variance  was  used 
for  analyses  of  continuous  data  followed  by  Fisher's 
protected  least  significant  difference  for  post  hoc  analyses. 
Differences  with  a  P<0.05  were  determined  as  statisti¬ 
cally  significant 


Results 

Lentiviral  transduction  of  wild-type  and  enzymatically 
inactive  mutant  NEP 

Lentivirus  vectors  expressing  wild-type  NEP  (L-NEP), 
NEP  with  a  point  mutation  in  the  extracellular  catalytic 
domain  rending  the  protein  enzymatically  inactive 
(L-NEPmu)  or  control  GFP  protein  (L-GFP)  were  each 
introduced  into  DU145  cells  to  examine  the  efficiency  of 
lentiviral  transduction  in  PC  cells  (Figure  1A).  As  shown 


in  Figure  IB,  NEP  protein  expressed  by  L-NEP  and 
L-NEPmu  were  detected  by  immunoblot  analysis  at  an 
MOI  of  10,  20  and  50  in  a  dose-dependent  fashion.  L-GFP 
expression  was  confirmed  using  an  immunofluorescent 
microscope  (Figure  1C,  panel  a).  Lenti  viral-media  ted 
NEP  expression  by  L-NEP  and  L-NEPmu  were  also 
detected  by  immunocytochemistry  with  a  FITC-conju- 
gated  anti-NEP  antibody  under  immunofluorescent 
microscope.  In  DU-NEP  and  DU-NEPmu  cells,  clear 
membranous  and  perinuclear  staining  for  NEP  was 
observed  (Figure  1C,  panels  b  and  c,  respectively).  To 
confirm  cell  surface  expression,  NEP  was  analyzed  by 
FACS  at  MOI  1-50,  which  showed  that  80.3  +  2.5  and 
80.4  +  2.2%  of  DU-NEP  and  DU-NEPmu  cells  were 
positive  for  NEP  at  MOI  50,  while  99.4  +  0.2  %  of 
DU-GFP  cells  were  positive  for  GFP  at  MOI  50 
(Figure  ID).  To  confirm  that  DU-NEP,  but  not  DU-GFP  or 
DU-NEPmu,  expressed  biologically  active  NEP,  we  next 
performed  NEP-specific  enzyme  assays.  At  MOI  50, 
DU-NEP  cells  possessed  a  specific  activity  of  96.5  + 
10.2  pmol/jUg/ min,  whereas  DU-NEPmu  and  DU-GFP 
cells  produced  only  1.0  ±0.4  and  1.3±0.7pmol/^g/min, 
respectively  (P<  0.001  vs  DU-GFP)  (Figure  IE).  Based  on 
these  results,  we  concluded  that  lentivirus  vector  could 
efficiently  transduce  NEP  into  DU145  cells  and  only 
L-NEP  could  generate  catalytically  active  NEP. 

Infection  of  DU145  cells  with  lentivirus  vectors  at  a 
higher  MOI  resulted  in  virus-induced  nonspecific  cyto¬ 
toxicity  (data  not  shown).  Therefore,  we  used  lentivirus 
vector  at  MOI  50  for  further  studies.  Cells  were  amplified 
and  stored  at  —  80 °C  following  infection  and  cells  of 
similar  passage  were  used  in  experiments  described 
below.  No  difference  in  protein  expression  or  enzyme 
activity  of  NEP  and  GFP  was  detected  between  freshly 
infected  and  stored  cells. 


Eentiviral  NEP  expression  effects  on  DU145  cells 
We  previously  reported  that  the  re-expression  of 
wild-type  NEP  using  a  tetracycline  repressive  system  in 
NEP-deficient  TSU-Prl  cells  resulting  in  NEP  enzyme 
activity  of  1180  pmol/ /ig/ min,  a  10-fold  higher  specific 
activity  than  that  achieved  in  DU145  cells  infected  with 
L-NEP.  Expression  of  NEP  in  TSU-Prl  cells  resulted  in 
significant  inhibition  of  cell  growth  and  cell  invasion.4,7,11,27 
In  contrast,  cell  proliferation  or  cell  invasion  in  DU-NEP 
cells  was  no  different  than  DU-NEPmu  or  control  DU- 
GFP  cells  (Figure  2a,  b).  NEP  has  been  shown  to  inhibit 
Akt  phosphorylation.7  Bombesin-induced  Akt  phosphor¬ 
ylation  was  only  partially,  but  not  completely,  inhibited 
in  DU-NEP  cells  (Figure  2c).  Expression  of  wild-type 
NEP  can  also  inhibit  peptide-mediated  FAK  phosphor¬ 
ylation  in  TSU-Prl  cells.27  As  shown  in  Figure  2d, 
expression  of  NEP  in  DU-NEP  cells  did  not  alter  FAK 
phosphorylation  in  DU145  cells.  Finally,  the  NEP  protein 
physically  associates  with  and  stabilizes  the  PTEN  tumor 
suppressor  protein  via  a  direct  protein-protein  interac¬ 
tion  between  the  NEP  cytoplasmic  domain  and  a  negati¬ 
vely  charged  phosphorylation  site  in  PTEN  C  terminus.26 
Immunoprecipitation  experiments  showed  that  NEP  and 
PTEN  did  co-associate  in  both  DU-NEP  and  DU-NEPmu 
cells,  both  of  which  possess  intact  cytoplasmic  NEP 
domains  but  not  DU-GFP  cells  (Figure  2e).  Together, 
these  data  show  that  lentivirus-mediated  NEP  expres¬ 
sion  in  DU145  cells  resulted  in  moderate  levels  of  NEP 
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Figure  1  Transduction  of  DU145  cells  with  lentiviral  vectors.  (A)  Schematic  representation  of  the  vectors  encoding  wild-type  NEP  (L-NEP), 
point  mutant  of  NEP  (E585V)  showing  enzymatically  inactive  NEP  (L-NEPmu)  and  green  fluorescent  protein  (L-GFP)  driven  by  the  CMV 
promoter.13  (B)  Total  cell  lysates  from  DU145  cells  infected  with  L-NEP  (DU-NEP)  or  L-NEPmu  (DU-NEPmu)  for  72  h  at  the  indicated  MOIs 
were  prepared  and  expression  of  NEP  was  analyzed  by  immunoblotting  using  anti-NEP  mouse  monoclonal  antibody  NCL-CD10. 
Recombinant  NEP  (rNEP)  was  used  as  positive  control.  (C)  DU145  cells  infected  with  L-GFP  (DU-GFP  (a))  showed  nuclear  and  cytoplasmic 
expression  of  GFP  DU-NEP  (b)  and  DU-NEPmu  (c)  cells  stained  with  FITC-conjugated  anti-NEP  antibody  showed  membranous  and 
cytoplasmic  immunolocalization  of  NEP.  (D)  To  confirm  cell  surface  expression,  infected  cells  were  analyzed  by  FACS  in  three  independent 
measurements.  (E)  NEP-specific  enzyme  activities  in  transduced  DU145  cells.  Significantly  increased  enzyme  activity  was  found  at  MOI  10- 
50  in  DU-NEP  cells,  but  not  in  DU-GFP  or  DU-NEPmu  cells.  #P<  0.001  vs  DU-GFP  cells.  CMV,  cytomegalovirus;  FACS,  fluorescence-activated 
cell  sorting;  FITC,  fluorescein  isothiocyanate;  MOI,  multiplicity  of  infection;  NEP,  neutral  endopeptidase. 


expression  sufficient  to  associate  with  PTEN  but  that  the 
associated  enzymatic  activity  failed  to  inhibit  cell  growth 
or  invasion,  neuropeptide-induced  Akt-phosphorylation 
or  FAK  phosphorylation. 


Lentiviral  NEP  expression  decreases  FGF-2  levels  and 
in  vitro  angiogenesis 

DU145  cells  release  significant  amounts  of  growth  factors 
such  as  FGF-2  and  vascular  endothelial  growth  factor 
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Figure  2  Effect  of  lenti viral  NEP  expression  on  signaling  pathways  and  cell  growth  and  invasiveness  of  DU145  cells,  (a)  Cell  growth  curve 
of  transduced  DU145  cells.  DU-GFP,  DU-NEP  and  DU-NEPmu  cells  were  plated  in  six-well  plates  at  5  x  103/well  in  triplicate  and  total  cell 
numbers  were  counted  at  the  indicated  times.  No  significant  difference  was  found  among  three  groups,  (b)  Relative  values  of  the  number  of 
cells  invading  through  the  Matrigel-coated  invasion  chamber  as  compared  to  DU-GFP  cells,  (c)  Lentiviral  expression  of  NEP  partially,  but  not 
completely,  blocked  bombesin-induced  Akt  phosphorylation.  DU-GFP  and  DU-NEP  cells  were  serum-starved  and  left  untreated  in  serum- 
free  media  (SF)  or  stimulated  with  10nM  bombesin  for  10  min  (BBS)  and  subjected  to  immunoblotting.  DU-GFP,  DU-NEP  and  LNCaP  cells 
cultured  in  media  with  10%  FCS  (10%)  were  used  as  positive  controls  for  phosphorylated  Akt.  (d)  Lentiviral  expression  of  NEP  did  not  inhibit 
FAK  tyrosine  phosphorylation.  DU-GFP,  DU-NEP  and  DU-NEPmu  cells  were  cultured  in  media  with  10%  FCS  and  subjected  to 
immunoblotting.  No  difference  in  FAK  phosphorylation  was  found  among  three  groups,  (e)  Lentiviral  wild-type  NEP  and  mutant  NEP 
associate  with  PTEN  tumor  suppressor,  but  not  increased  PTEN  expression.  Total  cell  lysates  from  transduced  cells  were  immunoprecipitated 
with  anti-PTEN  antibody  and  were  blotted  to  anti-NEP  or  anti-PTEN  antibody  (left  panel).  FAK,  focal  adhesion  kinase;  FCS,  fetal  calf  serum; 
NEP,  neutral  endopeptidase;  PTEN,  phosphatase  and  tensin  homolog. 
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(VEGF)  into  cell  culture  supernatants,  both  of  which 
are  potent  angiogenic  factors.29'30  Therefore,  we  mea¬ 
sured  the  concentrations  of  various  pro-angiogenic 
factors,  including  FGF-2,  VEGF,  platelet-derived  growth 
factor  (PDGF)-AA,  PDGF-AB/BB,  epidermal  growth 
factor  (EGF)  and  fms-like  tyrosine  (FLT-3)  ligand  in 
conditioned  media  from  transduced  DU145  cells.  There 
were  no  significant  differences  in  the  levels  of  VEGF, 
PDGF-AA,  PDGF-AB/BB  among  DU-NEP,  DU-NEPmu 
or  DU-GFP  cells  (Table  1).  Production  of  EGF  or  FLT-3 
ligand  could  not  be  detected  in  any  of  the  conditioned 
media.  However,  the  level  of  FGF-2  in  the  conditioned 
media  from  DU-NEP  cells  (25.6  + 10.7  pg/ml)  was  signi¬ 
ficantly  lower  than  those  from  DU-GFP  (109.0  ±  12.9  pg/ml) 
or  DU-NEPmu  cells  (102.3  ±35.8  pg/ml)  (P<0.05) 
(Table  1).  To  examine  whether  decreased  concentration 
of  FGF-2  in  the  conditioned  media  from  DU-NEP  cells 
was  due  to  decreased  mRNA  expression  or  post- 
transcriptional  modification,  we  examined  FGF-2  mRNA 
levels  in  transduced  DU145  cells  by  real-time  RT-PCR. 
There  was  no  significant  difference  in  FGF-2  mRNA 
levels  among  transduced  DU145  cells  (data  not  shown). 

We  next  examined  the  effect  of  lentiviral  NEP  expres¬ 
sion  on  in  vitro  angiogenesis  using  a  HUVEC  tubulo- 
genesis  assay.  Conditioned  media  from  transduced 
DU145  cells  were  applied  to  HUVEC  cells  plated  and 
cultured  in  matrigel  and  the  length  of  tubular  structures 
measured.  The  length  of  tubular  structures  in  HUVEC 
cultured  in  conditioned  media  from  DU-NEP  cells 
was  significantly  shorter  than  those  from  DU-GFP  or 


Table  1  The  level  of  growth  factor  produced  by  transduced 
DU145  cells 


Growth  factor 
(pg/ml) 

DU-GFP 

DU-NEP 

DU-NEPmu 

P -value 

FGF-2 

109.0  (12.9) 

25.6  (10.7) 

102.3  (35.9) 

<0.05a 

VEGF 

758.0  (40.5) 

786.7  (55.7) 

795.0  (59.8) 

NS 

PDGF-AA 

102.6  (15.7) 

138.5  (18.5) 

164.8  (25.4) 

NS 

PDGF-AB/BB 

41.4  (12.1) 

59.4  (14.7) 

67.1  (13.9) 

NS 

EGF 

UD 

UD 

UD 

NS 

Flt-3  ligand 

UD 

UD 

UD 

NS 

Abbreviations:  EGF,  epidermal  growth  factor;  GFP,  green  fluorescent  protein; 
NEP,  neutral  endopeptidase;  NS;  not  significant;  UD;  undetectable. 

Data  is  shown  in  mean  (s.e.)  of  triplicate  measurements. 
aDU-NEP  vs  DU-GFP. 

DU-NEPmu  cells  (48.8  +  3.3%  reduction  compared  to 
DU-GFP,  P  <  0.05)  (Figure  3A  and  B).  Together,  these  data 
show  that  transduced  NEP  results  in  the  enzymatic 
inactivation  of  FGF-2  secreted  into  DU-NEP  conditioned 
media,  resulting  in  decreased  angiogenesis.  Moreover, 
the  level  of  bFGF  production  observed  in  the  conditioned 
media  from  NEP-deficient  cells  is  sufficient  to  inde¬ 
pendently  support  HUVEC  tubulogenesis. 

Lentiviral  NEP  expression  suppresses  the  tumorigenic 
potential  of  DU145  xenografts 

We  next  examined  the  effect  of  lentiviral  NEP  expression 
on  tumor  formation  in  vivo.  DU-NEP  cells,  DU-NEPmu 
cells  and  DU-GFP  cells  were  inoculated  into  the  flank  of 
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®  athymic  mice  and  tumor  volume  serially  monitored  for  Discussion 
29  days.  The  mean  tumor  volume  of  DU-NEP  tumors 

was  465.3  ±244.0  mm3,  which  was  significantly  smaller  NEP  is  a  cell-surface  peptidase  with  numerous  physio- 

than  that  of  control  DU-GFP  tumors  (1119.9  ±154.9  mm3,  logic  functions  31,32  In  recent  years,  NEP  has  emerged  as 

P<0.05)  (Figure  4a).  The  mean  tumor  volume  of  an  important  tumor  suppressor  gene  product.  Reduced 

DU-NEPmu  tumors  (775.4  ±108.0  mm3)  was  larger  than  NEP  enzymatic  activity  facilitates  peptide-mediated 

that  of  DU-NEP  tumors,  but  did  not  reach  statistical  proliferation  by  allowing  accumulation  of  higher  peptide 

significance  (P  =  0.0603)  (Figure  4a).  The  mean  value  of  concentrations  at  the  cell  surface,  and  likely  contribute  to 

NEP  enzyme  activities  from  protein  lysates  extracted  development  or  progression  of  neoplasia.  Using  prostate 

from  DU-NEP  tumors  was  152.6  ±  26.2  pmol/^g/min,  cancer  as  a  model,  we  have  demonstrated  that  the  effects 

which  was  significantly  higher  than  those  of  DU-GFP  of  NEP  are  mediated  by  its  ability  to  catalytically 

or  DU-NEPmu  tumors  (24.6  ±2.05  and  37.4  ±4.1  pmol/  inactivate  substrates  such  as  bombesin  and  ET-1,  but 

jUg/min,  respectively,  P<0.01)  (Figure  4b),  suggesting  also  through  direct  protein-protein  interaction  with 

that  lentiviral  NEP  expression  was  sustained  in  vivo.  other  proteins  such  as  Lyn  kinase  (which  associates 

Because  lentiviral  NEP  expression  had  no  effect  on  with  the  p85  subunit  of  phosphatidylinositol  3-kinase 

in  vitro  cell  growth  or  invasive  capacities  of  DU145  (PI3-K)  resulting  in  NEP-Lyn-PI3-K  protein  complex), 

cells,  but  significantly  inhibited  production  of  FGF-2  ezrin/radixin/moesin  proteins,  and  the  PTEN  tumor 

and  in  vitro  angiogenesis,  we  hypothesized  that  suppressor  protein.  Based  on  these  observations,  we 

decreased  angiogenesis  reduced  tumorigenesis  in  have  explored  therapeutic  strategies  to  replace  NEP  in 

DU-NEP  xenografts.  We  therefore  assessed  tumor  vascu-  prostate  cancers  that  are  NEP-deficient.  Whereas  recom- 

larity  by  immunohistochemical  assessment  of  smooth  binant  NEP  (rNEP)  can  inhibit  the  growth  of  prostate 

muscle  actin,  a  vascular  marker.  The  mean  number  of  cancer  cells  in  vitro,4  we  were  unable  to  achieve  tumor 

vascular  structures  in  DU-NEP  xenografts  was  signifi-  xenograft  growth  inhibition  via  intraperitoneal  adminis- 

cantly  lower  than  detected  in  DU-NEP  or  DU-NEPmu  tration  of  rNEP  in  mice,  possibly  related  to  the  inability 

xenografts  (60.2  ±14.5%  reduction  vs  DU-GFP  tumor,  to  reach  a  sufficient  peak  serum  concentration  of 

P<  0.05)  (Figure  4c).  Moreover,  the  caliber  of  vessels  in  rNEP.11  In  the  current  study,  we  used  lentiviral  vectors 

DU-NEP  tumor  was  smaller  than  those  in  DU-GFP  to  deliver  NEP  to  DU145  prostate  cancer  cells, 

or  DU-NEPmu  tumors  (Figure  4d).  These  results  sug-  Although  NEP  was  successfully  and  stably  introduced 
gested  that  the  lentiviral  NEP  inhibition  of  tumorigenesis  into  DU145  cells,  we  did  not  observe  the  degree  of 

of  DU145  cells  was  mediated  by  the  anti-angiogenic  in  vitro  growth  inhibition  obtained  in  prior  studies  using 
effect  of  NEP,  through  its  ability  to  cleave  and  inactivate  a  tetracycline-regulated  system.  This  may  result  from  the 
FGF-2.  fact  that  we  did  not  achieve  sufficient  NEP  catalytic 


DU-GFP  DU-NEP  DU-NEPmu 

#:  p  <  0.05  v.s.  L-GFP 


B  HUVECs  tubular  formation 


a  DU-GFP  b  DU-NEP  C  DU-NEPmu 


Figure  3  Conditioned  media  from  DU-NEP  cells  decreased  HUVECs  tubulogenesis  compared  to  DU-GFP  or  DU-NEPmu  cells.  (A)  Effect  of 
conditioned  media  from  transduced  DU145  cells  on  HUVECs  tubular  structure  formation  on  Matrigel  in  vitro.  HUVECs  were  cultured  with 
conditioned  media  from  transduced  DU145  cells  for  18  h  on  Matrigel  basement  membrane.  Tubular  length  was  quantified  in  five  randomly 
selected  fields.  #P<  0.05  vs  DU-GFP  cells  (B)  Representative  photo  micrographs  (  x  200)  of  HUVEC  tubular  formation  in  conditioned  media 
from  DU-GFP  (a),  DU-NEP  (b)  and  DU-NEPmu  (c)  cells.  GFP,  green  fluorescent  protein;  HUVEC,  human  umbilical  vein  endothelial  cells; 
NEP,  neutral  endopeptidase. 
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Figure  4  Lenti viral  NEP  expression  inhibited  tumorigenesis  of  DU145  cells  with  reduced  angiogenesis,  (a)  Transduced  DU145  cells  were 
inoculated  subcutaneously  into  the  flank  of  nude  mice.  Tumor  volumes  were  measured  every  3  or  4  days  until  29  days  after  inoculation. 
#P<0.05  vs  DU-GFP  tumors,  (ft  =  14  in  DU-GFP,  ft  =  7  in  DU-NEP  and  DU-NEPmu).  (b)  Mean  NEP  enzyme  activities  in  the  established 
tumors.  NEP  enzyme  activities  in  DU-NEP  tumors  were  significantly  higher  than  those  in  DU-GFP,  or  DU-NEPmu  tumors.  #P<0.01  vs 
DU-GFP  tumors,  (c)  Relative  value  of  the  mean  number  of  aSMA-positive  vessels  in  DU-GFP,  DU-NEP  and  DU-NEPmu  tumors.  #P<0.05  vs 
DU-GFP  tumors,  (d)  Representative  photographs  of  aSMA  immunostaining  in  DU-GFP,  DU-NEP  and  DU-NEPmu  tumors.  Note  the  number 
and  the  caliber  of  aSMA-positive  vessels.  aSMA,  alpha  smooth  muscle  actin;  GFP,  green  fluorescent  protein;  NEP,  neutral  endopeptidase. 


activity  in  DU145  cells.  Marr  et  al.13  reported  that  293T 
cells  infected  with  L-NEP  at  MOI  50  produced  an  NEP 
activity  of  617pmol/^g/min,  which  was  approximately 
sixfold  higher  than  that  detected  in  DU-NEP  cells. 
We  previously  established  TSU-GK27-NEP5  (WT5) 
cells,  which  is  a  stable  transfectant  with  wild-type  NEP 
derived  from  TSU-Prl  cells.4,11  The  WT5  cells  showed  an 
NEP  enzyme  activity  of  1180pmol/^g/min  and  effec¬ 
tively  inactivate  neuropeptide-induced  signals.4,11,27 
Compared  to  293T  cells  infected  with  L-NEP  and  WT5 
cells,  DU-NEP  cells  showed  much  lower  NEP  enzyme 
activity.  The  reason  for  this  difference  is  unclear, 
although  it  is  possible  that  expression  of  higher  levels 
of  NEP  may  be  toxic  to  DU145  cells  owing  to  their 
dependence  on  NEP  substrates  for  growth  and  thus 
high-expressing  cells  do  not  survive  in  tissue  culture. 

We  recently  reported  a  novel  function  of  NEP  as  an 
anti-angiogenic  agent  by  direct  proteolytic  cleavage  of 
FGF-2  without  an  effect  on  VEGF.3  NEP  cleaves  FGF-2 
between  Leu  135  and  Gly  136,  with  the  resulting  cleavage 
products  lacking  angiogenic  activity.  In  the  present  study, 
we  demonstrated  that  the  concentration  of  FGF-2,  but  not 


VEGF  or  PDGF,  in  the  conditioned  media  from  DU-NEP 
cells  was  significantly  lower  than  conditioned  media 
derived  from  DU-GFP  or  DU-NEPmu  cells,  while  no 
significant  difference  in  the  level  of  FGF-2  mRNA  was 
detected.  These  results  indicate  that  FGF-2  protein  is 
cleaved  by  NEP  in  the  extracellular  space.  Thus,  although 
NEP  enzymatic  activity  in  DU-NEP  cells  was  not  suffi¬ 
cient  to  demonstrate  an  in  vitro  effect,  it  was  sufficient  to 
cleave  endogenous  FGF-2  produced  by  DU145  cells  and 
inhibit  tumor  growth  by  inhibiting  angiogenesis. 

In  addition  to  NEP,  loss  of  other  membrane-associated 
peptidases  such  as  CD13/aminopeptidase  N  and  CD26/ 
dipeptidyl  peptidase  (DPPIV)  have  been  also  reported  in 
prostate  cancer.33-35  Recently,  Wesley  et  al35  reported  an 
inverse  relationship  between  DPPIV  and  FGF-2  expres¬ 
sion  in  prostate  cancer  cells.  DPPIV-negative  DU145  cells 
showed  high  FGF-2  expression,  while  restoration  of 
DPPIV  expression  resulted  in  markedly  decreased  FGF-2 
expression,35  which  was  similar  to  our  results.  Of  note, 
DPPIV-positive  LNCaP  cells  showed  low  FGF-2  expres¬ 
sion,  while  inhibition  of  DPPIV  expression  resulted  in 
increased  FGF-2  expression.35  While  these  data  support 


Prostate  Cancer  and  Prostatic  Diseases 


NEP  inhibits  prostate  cancer  tumorigenesis 

A  Horiguchi  et  al 


the  concept  that  membrane-associated  peptidases  such 
as  NEP  and  DPPIV  play  an  important  role  in  the 
modulation  of  FGF-2  production  by  prostate  cancer  cells, 
it  is  unknown  whether  DPPIV  and  NEP  coordinately 
regulate  FGF-2  levels. 

FGF-2  has  been  studied  extensively  in  prostate  cancer. 
FGF-2  is  present  at  high  concentration  in  prostate  cancer 
tissues,  and  believed  to  function  as  an  autocrine  or  a 
paracrine  growth  factor.36,37  FGF-2  is  one  of  the  most 
potent  angiogenic  growth  factors.  A  recent  study 
investigated  the  relative  impact  of  FGF-2  and  VEGF  on 
tumor  growth  and  neovascularization  concluded  that 
FGF-2  could  promote  tumor  growth  and  vascularization 
even  in  the  presence  of  a  high  levels  of  VEGF.38 
Furthermore,  FGF-2  is  twice  as  potent  as  VEGF  at 
equimolar  concentration  for  stimulating  angiogenesis.39 
Based  on  these  studies,  it  is  reasonable  to  suggest  that 
reduced  levels  of  FGF-2  resulted  in  significant  inhibition 
of  angiogenesis,  although  VEGF  from  DU145  cells  was 
sevenfold  higher  than  that  of  FGF-2  and  lentiviral  NEP 
expression  had  no  effect  on  VEGF  levels. 

Although  adenoviruses  are  useful  as  vectors  for  gene 
transfer,  their  critical  disadvantage  is  short-term  expres¬ 
sion.40  Long-term  expression  of  anti-angiogenic  factors 
may  be  necessary  for  inhibiting  tumor  growth.  Lenti- 
virus  vectors  are  attractive  tools  for  human  cancer  gene 
therapy  based  on  their  ability  to  achieve  long-term  stable 
expression  and  maintain  therapeutic  levels  of  expression. 
The  present  study  suggests  that  lentiviral  NEP  transduc¬ 
tion  represents  a  novel  therapeutic  strategy  for  prostate 
cancer  and  results  in  inhibition  of  FGF-2-mediated 
angiogenesis. 
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Figure  1.  Confluent  wildtype  (left)  and  NEP  deficient  (right)  murine  vascular  endothelial  cells  micrographs 
(upper)  and  stained  for  Dil-Ac-LDL  (lower).  B.  Anchorage-independent  growth  of  neprilysin-deficient 
vascular  endothelial  cells.  C.  Western  blot  demonstrating  NEP  expression  as  a  function  of  serum 
concentration  in  murine  vascular  endothelial  cells.  D.  Western  blot  demonstrating  basal 
hyperphosphorylation  of  ERK  in  NEP-deficient  vascular  endothelial  cells.  Data  in  A-D  are  representative 
of  two  or  more  independent  experiments. 
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Figures 


Figure  2.  LNCaP  cells  or  HUVEC  cells 
were  plated  in  24  well  plates  and  then 
treated  with  CoCI2  to  a  final 
concentration  of  125  pM  over  the  times 
indicated.  Cells  were  lysed  and  NEP 
enzyme  activities  measured.  All  time 
points  done  in  quadruplicate. 
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Figure  3.  Subconfluent  T25  flasks  of  LNCaP 
or  C4-2  cells  were  sealed  in  a  hypoxia 
chamber  for  24  hours,  lysed  in  RIPA  lysis 
buffer,  and  50  pg  lysate  analyzed  by  Western 
blotting  for  NEP  and  p-actin.  A  10  ng  NEP 
standard  is  included  (left  upper  panel). 
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Figure  4.  cDNAs  (5pg)  prepared  from  normoxic 
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